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3. ABSTRACT 
In current US bridge construction, precast Bulb Tee, box beam, or AASHTO-I beams up to 160 ft. in length are 
used.  These beams span between the supporting bridge bents or abutments.  To provide integrity to the bridge 
system a field cast deck is installed.  The deck is often designed to act as both a wearing surface and as a composite 
section with the beam.  If the demand is great enough, the bond (or cohesion) between the topping and beam could 
be compromised and the elements will begin to slide relative to one another.  The role of horizontal shear ties is to 
help maintain monolithic behavior after cohesion is lost. Typically horizontal shear ties are made up of an extension 
of the shear reinforcement from the precast beam section and are subsequently cast into the deck.  
To enhance the economics of precast/prestressed members in bridge construction a research program on horizontal 
shear ties is proposed.  The project is developed to examine the viability of increasing the nominal horizontal 
concrete shear stress capacity between precast/prestressed bridge beams and field cast decks.  The current 
requirements prescribed by ACI and AASHTO provide a conservative but potentially unrepresentative estimate of 
shear capacity for bridge beams.  A rational increase in the horizontal shear interface capacity of the concrete 
topping to beam will provide considerable advantages to precast bridge construction.  In particular, the research has 
the potential for reducing fabrication costs, improving construction safety, and providing numerous initial and long-
term economic benefits to the producer and owner.   
This report provides an in-depth review of past research and testing methods used for the evaluation of horizontal 
shear demands. In addition an experimental research program is developed for evaluation of horizontal shear stress 
capacity in flexural members and determination of code requirements. 
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4. INTRODUCTION 
In bridge construction, precast Bulb Tee, box beam, or AASHTO-I beams up to 160 ft. in length are used.  These 
beams span between the supporting bridge bents or abutments.  To provide integrity to the bridge system a field cast 
deck is installed.  The deck is often designed to act as both a wearing surface and as a composite section with the 
beam.  If the demand is great enough the bond (or cohesion) between the topping and beam could be compromised 
and the elements will begin to slide relative to one another.  The role of horizontal shear ties is to help maintain 
monolithic behavior after cohesion is lost. Typically horizontal shear ties are made up of an extension of the shear 
reinforcement from the precast beam section and are subsequently cast into the deck (Figure 4-1).  
  
Figure 4-1: Horizontal shear ties in AASHTO and Bulb Tee precast bridge beams 
While the use of shear ties is manageable in current precast construction, significant advantages can be achieved by 
reducing the requirements.  Specifically, the use of horizontal shear ties produces the following issues: 
• Additional ties increase prefabrication time for the precast member. Additional reinforcement must be 
bent and tied.  (Result:  Increased labor and material cost for manufacturer) 
• The extension of shear ties from the top of the member increases the time needed for finishing the 
surface after placement of concrete.  (Result:  Increased cost for manufacturer) 
• Additional care must be taken during storage and transportation to reduce damage to the ties prior to 
erection.  (Result:  Increased cost for manufacturer) 
• During field erection of the members, the shear ties create a tripping hazard. Combining this hazard 
with the high elevations that the beams are commonly placed at can easily result in impalement or loss 
of life.  (Result:  Safety and liability issues) 
• Quality control of the field-cast deck concrete is sometimes difficult to achieve. Poor control can lead 
to reduced durability of the deck. The presence of horizontal shear ties provides a direct avenue for 
corrosion transfer into the precast element. Elimination of the ties would provide a barrier against 
propagation of corrosion and the associated durability problems.  (Result: Increased life cycle cost for 
owner) 
• Over time, the field-cast deck requires replacement due to wear or durability problems. Removal of the 
deck is typically achieved using a jackhammer around the shear ties, making rehabilitation cost 
prohibitive.  Reduction or elimination of shear ties would ease replacement.  (Result:  Increased life 
cycle cost for owner) 
Horizontal shear ties 
 Internal Report Horizontal Shear in Composite P/S Members  9 
To reduce the levels of shear ties requires a greater reliance on the cohesion between the topping and the beam.  
Research and design specifications however, disagree as to how much shear capacity should be allowed for a 
precast/cast-in-place interface without shear ties.  For example, the applicable sections of ACI 318-02 allow a 
maximum shear stress of 80 psi for sections where the surface of the precast element is clean free of laitance and has 
been intentionally roughened to ¼-inch.  AASHTO LRFD Bridge Specification allows for 100psi for the same 
surface condition.  Research conducted by Gohnert suggests that an allowable stress of 205 psi is reasonable for 
interfaces of this roughness, while research by Loov and Patnaik suggests a range of 220 to 290 psi.  In 1960, 
Mattock suggested that the maximum shearing stress between surfaces before breakdown of composite action is 500 
psi for a rough-bonded contact surface and 300 psi for a smooth surface.  While there is considerable spread in the 
data, code recommendations have clearly taken a conservative approach to design.   
For most prestressed / precast building elements, composite action is achieved without the need for horizontal shear 
ties.  For standard PCI double tee sections the horizontal shear stress under design level loads are conservatively 
below the 80 psi limit.  For precast bridge beam sections the horizontal shear stresses under service loads are 
typically lower than building members.  For bridge beams in severe weather environments, the beam is designed to 
keep tensile stresses below 3√f’c under service loads after losses.  At these levels the section has very low shear 
demands.  This is especially true considering the prevalence of high performance concrete and the development of 
new bulb tee and box beam sections with large top flanges.  Nevertheless, the section is required to have a minimum 
level of shear ties.  According to AASHTO, the minimum area of shear reinforcement crossing a unit length of the 
interface must be greater than (0.05bv)/fy and the spacing must be less than 24-in. (21-in. according to PennDOT 
§B5.8.4).  PennDOT justifies this requirement by noting “successful past practice.”  While successful past practice 
cannot be argued, the conservative nature of this requirement and the associated benefits of relaxing these limits 
warrant a reassessment of horizontal shear tie requirements.  The literature review and subsequent research program 
development aim to directly address this issue. 
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5. OVERVIEW 
The research program will examine the composite action in precast systems.  For these systems the precast elements 
are typically cast under controlled conditions at a manufacturing facility and topped in the field with a cast-in-place 
slab or deck.  To achieve composite action, the intent is for the precast and cast-in-place elements to act as though 
they were cast monolithically, that is, without a cold joint.  In order for this to occur, it is necessary that the resulting 
joint at the interface of the precast and cast-in-place element effectively transfer all unbalanced forces between the 
two elements, without slipping. 
Forces are transferred across the composite joint by a combination of chemical bond and aggregate interlock.  For 
design purposes the horizontal shear resistance is currently limited by ACI[21] and AASHTO to 80 to 100 psi.  After 
this stress is exceeded the bond is thought to be lost and slip initiates.  Horizontal shear ties extending across the 
joint (if present) are engaged to resist further slip and maintain integrity of the beam slab system.  The additional 
shear resistance is provided through a clamping action generated by a shear-friction activation of the ties 
Accounting for the effect of composite action in design has the advantage of increasing the design capacity of the 
beam while using less material than would be required if the elements acted non-compositely.  Longer spans or 
lighter sections can be utilized in design, resulting in lower material costs.  A reduction in the dead weight of the 
beams also reduces the total weight of the floor system or bridge superstructure which can result in smaller sections 
down the load path of the structure.  Smaller structural components are more economical to fabricate and install thus 
lowering the cost of the building or bridge system.   
The conservative nature of the codified approaches limits the horizontal shear capacity of topped systems without 
ties to very low levels.  In some cases various methods for computing the actual demands also provide a more 
conservative nature to design.  This section examines the techniques used to compute demand and the associated 
capacities allowed by US design codes.   
5.1. Current Practice and Code Provisions 
Currently design of composite action for concrete members is covered in two US specifications.  Building designs 
typically follow the recommendation of the American Concrete Institute Building Code for Structural Concrete ACI 
318-05, while bridge design follows the recommendation of American Association of State and Highway 
Transportation Officials (AASHTO) or local Department of Transportation (DOT) bridge design specifications and 
guidelines.  The methods of computing demands and capacities vary slightly between the design codes.   
5.1.1. Horizontal Shear Demand 
Horizontal shear is computed using one of three general approaches:  1) global force equilibrium, 2) simplified 
elastic beam behavior, and 3) classical elastic methods.  These methods can be summarized by examining a beam 
subject to vertical uniform loading (Figure 5-1). 
Global force equilibrium equates the horizontal shear to the difference in topping force from one section to another.  
The compression at two discrete points, 1 and 2, along the beam are computed.  The difference between 
compression forces from point 1 to point 2 is equivalent to the horizontal shear force, Vh, at the interface (Eq.1).  
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This method is allowed in the AASHTO Bridge Design Specification.  In addition, ACI §17.5.3 states that 
horizontal shear shall be permitted to be determined by computing the actual change in compressive or tensile force 
in any segment.  The stress, vh, is found by dividing this change in force by the area of the contact surface over 
which it is to be transferred (Eq.2 and Figure 5-1A).  Design for horizontal shear by this method would require the 
horizontal shear stress to be checked at several points along the beam.  The method assumes that the compressive 
forces are contained within the topping slab; when this does not hold true, the accuracy of the method decreases.   
 ( )21 CCVh −=  (Eq. 1) 
where,  
Vh = horizontal shear force between points 1 and 2 
C1 =force in topping at point 1 under factored load case 
C2 =force in topping at point 2 under factored load case 
 ( ) )/(21 vh bCCv ⋅−= l  (Eq. 2) 
where, 
vh = horizontal shear stress at interface 
l = length between points 1 and 2 
bv = width of topping to beam interface 
 
Figure 5-1: Horizontal shear stress in beams 
The second method uses flexural beam theory to equate the horizontal shear to the vertical shear acting on the 
section.  A small segment, ∆x, of the beam is evaluated (Figure 5-1B).  From force equilibrium a relationship 
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between the vertical shear on the section and the horizontal shear stress can be determined.  The derivation is 
summarized in Figure 5-1B with the final result noted as Eq.3. 
 db
Vv
v
h =  (Eq. 3) 
where, 
V = factored vertical shear force at the section 
d = the distance from the compression force for entire composite section to centroid of 
prestressed and non-prestressed longitudinal tension reinforcement, if any, but need not 
be taken less than 0.80h for prestressed concrete members, where h is the height of the 
composite section 
The shear stress equation is rearranged in AASHTO resulting in the following expression for horizontal interface 
force per unit length of beam: 
 ( )h per ft
e
VV
d−
=  (Eq. 4) 
where, 
V = factored vertical shear force at the section  
Vh (per ft) = horizontal shear force per unit length of the girder  
de = the distance between the centroid of the steel in the tension side of the beam to the 
center of the compression zone, or simplifying de may be taken as the distance between 
the centroid of the tension steel and the mid-thickness of the deck  
AASHTO also allows the use of the classical elastic strength of materials approach to calculate the horizontal shear 
stress acting on the joint: 
 h
v
VQv Ib=  (Eq. 5) 
where, 
Q = first moment of inertia with respect to the neutral axis of the slab, calculated as 
yAQ ⋅= , where A is the area of the slab and y  is the distance from the centroid of the 
slab to the neutral axis of the composite section  
I = the moment of inertia of the entire composite cross-sectional area 
In summary, four methods are used by ACI and AASHTO.  They are noted in Table 5-1. 
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Table 5-1: Horizontal shear demand approaches 
( ) )/(21 vh bCCv ⋅−= l  Global Force Equilibrium 
ACI 
h
v
Vv b d=  
( )h per ft eV V d− =  
Simplified Elastic 
Beam Behavior 
AASHTO 
h
v
VQv Ib=  Classical Elastic Method 
 
5.1.2. ACI Horizontal Shear Capacity  
The design approach for horizontal shear in a composite concrete beam is outlined in Section §17.5 of the ACI 318-
05 code[21].  Generally, the code specifies that the factored horizontal shear capacity, φVnh (φ = 0.75 as specified by 
§9.3.2.3), must exceed the factored vertical shear demand, Vu.  This relationship between capacity and demand is 
addressed in terms of forces.  Although the factored vertical shear force, Vu, is obtained from the worst-case load 
combination of those specified in §9.2.1 of the code, the capacity term, Vnh, is defined separately for four different 
interface conditions. 
1. From §17.5.3.1:  Where contact surfaces are clean, free of laitance, and intentionally roughened, 
 80nh vV b d=  (Eq. 6) 
where, 
bv = width of cross section at contact surface being investigated for horizontal shear [in.] 
d = the distance from extreme compression fiber for entire composite section to centroid 
of prestressed and nonprestressed longitudinal tension reinforcement, if any, but need not 
be taken less than 0.80h for prestressed concrete members, where h is the height of the 
composite section [in.] 
When φVnh does not exceed Vu, the code directs the designer to provide minimum horizontal shear ties in 
accordance with §17.6.  This minimum requirement is based on the vertical shear requirements of §11.5.6.3 
in the code, and is repeated here: 
 
,min
500.75 ' ,w wv c
yt yt
b s b sA Maximum f
f f
 =    
 (Eq. 7) 
    where, 
Av,min= minimum area of shear reinforcement [in2] 
f’c = compressive strength of concrete [psi] 
s = center-to-center spacing of ties [in] 
fyt = yield strength of transverse reinforcement [psi] 
bw = width of web [in] 
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2. From §17.5.3.2:  Where minimum ties are provided according to §17.6, and contact surfaces are clean and 
free of laitance, but not intentionally roughened, Vnh = 80bvd. 
3. From §17.5.3.3:  Where ties are provided in accordance with §17.6, and contact surfaces are clean, free of 
laitance, and intentionally roughened to a full amplitude of approximately ¼ in. the code accounts for the 
steel contribution provided by the ties:  
 ( ) dbdbfV vvyvnh 5006.0260 ≤+= λρ  (Eq. 8) 
where, 
bv and d are as defined above 
λ = a density factor, defined as follows: 
λ = 1.0 for normal weight concrete 
    λ = 0.85 for sand-lightweight concrete 
λ = 0.75 for all other lightweight concrete 
fy = yield strength of reinforcement [psi] 
ρv = ratio of tie reinforcement area to area of contact surface = Av / bvs 
where, 
s is as defined above  
Av = area of shear reinforcement within a spacing s [in2] 
4. From §17.5.3.4:  When Vu at the section considered exceeds φ500bvd, the design for horizontal shear 
follows the shear-friction design method, which is outlined in §11.7.4 of the code.  The nominal shear 
strength of the composite joint is taken as: 
 nh v yV A f µ=  (Eq. 9) 
 and the required area of reinforcement is calculated by: 
 /( )v u yA V fφ µ=  (Eq. 10) 
where, 
µ = 1.0λ for concrete placed against hardened concrete intentionally roughened 
= 0.6λ for concrete placed against hardened concrete not intentionally roughened 
λ is as defined above. 
In all cases where ties are required, the maximum tie spacing allowed by ACI 318 §17.6.1 is 24” center-to-center. 
5.1.3. AASHTO Horizontal Shear Capacity 
Section §5.8.4 of the AASHTO design manual contains provisions for interface shear transfer, which applies to the 
precast/cast-in-place interface of composite beams. Like the ACI code, the AASHTO addresses horizontal shear 
design in terms of forces at the interface, where the factored capacity, φVn, must exceed the factored demand, Vh.  
The code states that the factored shear capacity of the interface plane shall be taken as: 
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 ( )n cv vf y cV c A A f Pφ φ µ = ⋅ + ⋅ ⋅ +   (Eq. 11) 
    where, 
Vn = nominal horizontal shear resistance [lbs] 
Acv = area of concrete engaged in shear transfer [in2] 
Avf = area of shear reinforcement crossing the shear plane [in2] 
fy = yield strength of reinforcement [psi] 
c = cohesion factor, defined as follows: 
    c = 150 psi for concrete cast monolithically 
c = 100 psi for concrete placed against clean, hardened concrete with surface 
intentionally roughened to an amplitude of ¼” 
c = 75 psi for concrete placed against hardened concrete clean and free of 
laitance, but not intentionally roughened 
µ = friction factor, defined as follows: 
µ = 1.0λ for concrete placed against clean, hardened concrete with surface 
intentionally roughened to an amplitude of ¼” 
µ = 0.6λ for concrete placed against hardened concrete clean and free of 
laitance, but not intentionally roughened 
λ = a density factor, defined as follows: 
    λ = 1.0 for normal weight concrete 
    λ = 0.85 for sand-lightweight concrete 
    λ = 0.75 for all other lightweight concrete 
Pc = permanent net compressive force normal to the shear plane (i.e. dead load acting on 
slab), equal to zero if force is tensile [lbs] 
f’c = specified 28-day compressive strength of the weaker concrete [psi] 
φ = 0.90 for designs involving normal weight concrete 
0.70 for designs involving lightweight concrete 
Therefore, for portions of the beam where the cohesion term, φcAcv, exceeds the demand, Vh, horizontal shear ties are 
not required.  However, for areas where shear ties are required, the maximum tie spacing allowed is 24” center-to-
center, and the area of steel required is taken as: 
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 Avf-REQ  = 
( )


 ⋅
⋅−⋅−
y
v
y
ccvh
f
b
f
PAcV
50max
µµ
 
5.1.4. PennDOT DM-4 
The PennDOT DM-4 document parallels the AASHTO guidelines, but imposes modifications where its 
requirements differ from those of AASHTO.  When calculating the resistance to horizontal shear of the section, the 
Department modifies the cohesion factor c from Eq. 11 for concrete placed against clean, hardened concrete with 
surface intentionally roughened to an amplitude of 0.08 in. (2mm), stating that for such cases c = 100 psi.  In 
addition, the Department requires that the surfaces of all precast beams be roughened to this amplitude of 0.08 in. 
In regards to horizontal shear reinforcement, section §5.8.4.1 imposes a minimum reinforcement ratio, regardless of 
horizontal shear demand.  The cross-sectional area, Avf, of the reinforcement shall not be less than either that 
required by [the modified Eq. 11] or 0.019 in.2 per inch and that the maximum tie spacing is 21-in. center-to-center.  
This minimum reinforcement ratio is required because “the Department has historically used a minimum interface 
shear reinforcement based on a minimum reinforcement area per unit length with a maximum longitudinal 
reinforcement spacing.  These requirements are based on successful past practice.” 
5.1.5. Design Summary 
As previously discussed, the design methods used by ACI, AASHTO, and PennDOT for horizontal shear 
reinforcement can be found in ACI 318-05 §17.5-17.6, AASHTO §5.8.4, and PennDOT DM-4 §5.8.4. For 
completeness the full design procedures for each method are repeated below. 
5.1.5.1. ACI Design Procedure 
1. The factored vertical shear demand distribution, Vu(x), is found from the worst case load combination 
specified in §9.2.1. 
2. The horizontal shear stress demand distribution, vh(x), is found using Equation 2 or 3, where Eq. 3 is a 
function of the factored vertical shear demand.  
3.  The interface capacity and minimum area of reinforcement are determined for the following two cases: 
a. If the maximum vertical shear demand, Vumax, does not exceed the limit of φ 500bvd specified by 
§17.5.3.4, the horizontal shear capacity, Vnh, is governed by the interface condition and given in 
§17.5.3.1 through §17.5.3.3. The minimum area of the horizontal shear reinforcement required per 
interval is determined by Equation 7.  
b. Otherwise the horizontal shear capacity, Vnh, is governed by the shear-friction method given in 
§11.7.4 and noted above as Eq. 9. The minimum area of the horizontal shear reinforcement 
required per interval is determined by Equation 10. 
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4. The horizontal shear force demand is then equated to the factored (φ=0.75) interface capacity (φVnh=Vh(x)) 
to determine the length of the shear span from each of the supports. At this point if the capacity exceeds the 
demand, no horizontal shear reinforcement is required. 
5. Shear ties are placed through the shear span at a 24” maximum interval from the furthest point of the shear 
span to the support.  
6. Lastly, the code sufficiency of intentionally roughened interfaces can be checked using Eq. 8 (§17.5.3.3). If 
the maximum factored vertical shear force along the span is less then the capacity calculated, the horizontal 
shear reinforcement design is satisfactory. 
5.1.5.2. AASHTO Design Procedure 
1. The factored vertical shear demand distribution, Vu(x), is found from the worst case load combination 
specified in §3.4.1.  
2. The horizontal shear force demand per unit length, Vh(x), is found using Equation 4 or ‘classical elastic 
strength of materials’ methods (e.g. Eq. 5). 
3. The horizontal shear capacity per unit length of the unreinforced section (Avf =0) is a function of the 
interface condition, and can be determined from a variation on Eq. 11, noted as C5.8.4.1-9 in AASHTO. 
 ( )n v vf y cV c b A f Pφ φ µ = ⋅ + ⋅ ⋅ +   (Eq. 12)  
4. The horizontal shear force demand is then equated to the interface capacity (φVn=Vh(x)) to determine the 
length of the shear span from each of the supports. The minimum reinforcement can be waived at this point 
if the capacity exceeds the demand or if Vn/Acv is less than 100 psi. 
5. At the minimum spacing of 24” required by AASHTO, the minimum cross-sectional area of the 
reinforcement can be determined by the greater of 1) replacing Vn with Vh in Equation 12 and re-arranging 
to find Avf or 2) Avf =50bv/fy. If equation 12 controls near the supports of the shear span, the designer may 
find that the second criteria is sufficient near the midspan. In this case, the horizontal shear reinforcement 
may transition to a smaller bar size as long as the shear demand is still met. 
6. AASHTO code sufficiency may be checked by equation 11 where the nominal shear capacity should not 
exceed 0.2 f’c or 0.8 Acv. 
5.1.5.3. PennDOT Design Procedure 
The PennDOT horizontal shear design procedure parallels the AASHTO guidelines with the exception of a few 
numerical changes.  
• The minimum cross-sectional area of the reinforcement per unit length is the greater of 1) replacing Vn with 
Vh in Equation 12 and re-arranging to find Avf or 2) 0.019in2 per inch. 
• The minimum horizontal spacing of the shear ties is 21” and they are to be used across the entire length of 
the beam, regardless of low horizontal shear demand.   
The design requirements outlined in this section are now applied to a standard PCEF 45” deep bulb tee with an 8”-
thick topping in the next section. 
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5.2. Application of Design Methods on Conventional Bridge Beams 
As discussed a number of different approaches are used for determination of horizontal shear stress at ultimate load 
and the necessary amount of shear tie reinforcement across the joint.  A standard PCEF 45” deep bulb tee with an 
8”-thick topping is used to illustrate the horizontal shear stress distribution across the beam. The interface of the 
bulb tee is assumed to be intentionally roughened to at least one-quarter inch amplitude and equations 3, 4, and 5 are 
used to predict the horizontal shear stress. Based on these results, design for horizontal shear is carried out according 
to the ACI, AASHTO, and PennDOT procedures outlined above.  Finally, the savings that can be appreciated by 
raising the strength attributed to a bonded joint without ties are identified. 
The necessary calculations regarding horizontal shear distribution and design are carried out in detail in Appendix C.  
The results are presented and discussed here. 
5.2.1 Comparison of Horizontal Shear Demand Calculations 
A comparison of the horizontal shear stress distributions for a simply supported 40’ long bulb tee beam is presented 
in Figure 5-2.  The beam is subjected to a uniform load which causes the beam to reach its nominal flexural 
capacity.  A uniform load of 16.125 kip / ft is applied. 
 
Figure 5-2: Comparison of Shear Stress Equations 
The graph details the horizontal shear demands estimated by ACI (Eq. 3), AASHTO (Eq. 4), and classical methods  
(Eq. 5). It is apparent that Eq. 5 (VQ/Ibv), using cracked transformed section properties, predicts horizontal shear 
stresses much lower than those predicted by Eqs. 3 and 4.  The use of cracked transformed properties for the entire 
length of the beam is unrealistic, as sections near the midspan of the beam will be more severely cracked than those 
away from the midspan; sections near the supports may have no flexural cracking at all. 
Figure 5-3 has Eq. 5 removed for a better comparison of Eqs. 3 and 4.  The two predict very similar results; in fact, 
they are the same when calculating horizontal shear stress (see Appendix C), the only difference being the depth 
terms d and de.  Equation 4 will provide more conservative (overestimate) predictions of horizontal shear stress 
because the depth term de is only taken from the centroid of the tensile steel reinforcement to the midthickness of the 
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slab, while the term d in Eq. 3 is the distance from the centroid of the tensile steel reinforcement to the top of the 
slab. 
5.2.2 Comparison of Horizontal Shear Design Requirements 
A comparison of horizontal shear designs based on the ACI, AASHTO, and PennDOT codes is presented here.  For 
details on design calculations, please refer to Appendix C.  Figure 5-3 plots the horizontal shear stress (solid lines) 
and allowed shear strength without ties (dashed lines) according to the ACI code (red lines) and 
AASHTO/PennDOT codes (green lines).  Regions where the solid lines are greater than the corresponding dashed 
lines represent regions where horizontal shear ties are required. 
 
Figure 5-3: Comparison of horizontal shear stress and shear capacity allowed by codes 
The final horizontal shear designs for the 40’-long, simply supported bulb tee beam are summarized below in Figure 
5-4, which shows the placement and size of shear ties, and Table 5.2, which compares the total steel required for 
each design and the distances along the span where shear ties are not included (where applicable). 
Based on the results for the bulb tee beam considered in this example, it appears as though the ACI and AASHTO 
designs produce similar results, while the PennDOT design is much more conservative and uses much more shear tie 
reinforcement.  The AASHTO design requires more steel (in terms of square inches), but also allows a longer 
portion of the span to go without reinforcement, due to its higher allowance for the strength of a rough, bonded 
horizontal joint without reinforcement. 
Referencing Figure 5-4, the benefits of allowing more strength to be attributed to a bonded composite joint without 
ties is fairly obvious.  By raising the horizontal shear strength attributed to a roughened, bonded composite joint 
without ties to, say, 200 psi (and of course, removing the minimum shear tie requirement of PennDOT), none of the 
horizontal shear designs presented here would require horizontal shear ties.  The span of the bulb tee beam 
Shear stress (AASHTO, PennDOT)
Shear stress (ACI)
Strength of unreinforced, 
roughened joint 
(AASHTO) 
Strength of unreinforced, 
roughened joint (ACI)
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considered here (40’) is fairly short.  As the length of the span increases, the vertical shear (and therefore horizontal 
shear) at ultimate flexural loading decreases, as less loads are required to produce the moment capacity at midspan.  
Therefore, if the horizontal shear strength attributed to a roughened, bonded composite joint without ties was raised 
to 200 psi, no such bulb tee beams spanning 40’ or more would require horizontal shear ties. 
In fact, much of the research conducted previously on the horizontal shear capacity of composite concrete joints 
indicates that the strength of a roughened joint without ties exceeds 200 psi.  The results of a literature review on the 
topic are presented next. 
 
Figure 5-4: Horizontal shear tie details for a 40', simply supported bulb-tee girder 
Table 5-2: Comparison of horizontal shear designs  
Design Method Total Area of Horizontal Shear Ties Required [in2] 
Distance Along Span Without 
Reinforcement [in] 
ACI 11.76 200 
AASHTO 12.02 264 
PennDOT 18.16 0 
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6. REVIEW OF PREVIOUS RESEARCH 
6.1.  Literature Review 
Prior to the development of the test program described in Section 7 of this report, an extensive literature review was 
conducted on composite beams and horizontal shear.  The literature review focused on journal articles and lab 
reports that described the test results of composite concrete specimens and the capacity of the horizontal joint.  
Twenty documents in total were found dating from 1953 to the present to have some relevance on the topic.  A 
detailed summary of each of these documents and their findings relevant to the topic of horizontal shear is presented 
in Appendix A.  The document summaries in Appendix A contain information on the number of specimens tested, 
variables investigated, the dimensions and properties of the specimens, the methods in which the specimens were 
tested and instrumented, the results, and the conclusions and recommendations based on these test results. 
Based on this literature review, a discussion of the relevance of the different variables tested previously are 
presented in §6.2 of this paper, and a discussion on the different test methods employed are discussed in §6.3.  
Finally, areas for future research are discussed in §6.4. 
6.2. Variables Investigated 
As discussed in the literature review summarized in Appendix A, a number of research variables have been 
investigated by previous researchers.  The goals of the research programs were to identify potential problems that 
could lead to reduced composite action.  Most studies, however, focused on the performance of composite sections 
with ties.  Studies on sections without ties were typically conducted as a secondary goal.  Based on the results of the 
past research the following conclusions can be made. 
• Surface Roughness and Surface Conditions 
Research[1-4, 6-20] indicates that the roughness of the surface of the precast beam and surface condition 
(cleanliness, absence of bond-inhibiting substances, etc.) are the main factors contributing to the strength of 
a horizontal composite joint without ties.  Test results consistently illustrate that horizontal shear capacity 
increases with roughness of the precast surface up to a roughness of ¼-inch.[4,8,13,20]   In addition, the 
presence of a bond-inhibiting substance or poor construction practice was shown to distinctly reduce the 
capacity of a horizontal joint.[13] 
• Shear Keys 
The use of shear keys extending transversely across the joint is not much more effective in resisting 
horizontal shear than a fully roughened surface. [4,8] 
• Compressive Strength of Concrete Member and Topping 
The concrete compressive strength of the weaker of the two elements (usually the slab concrete) limits the 
shear capacity.  Test data has indicated that a marginal increase in the strength of the lower-strength 
concrete did improve horizontal shear capacity.  Unfortunately, due to the scatter in the results and the low 
variation in compressive strength (1 to 2 ksi) it was inconclusive as to how much of a role concrete strength 
played in these subtle capacity increases.[8,12,13,19,20] 
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• Span-to-Depth Ratio 
Research on the role of the span-to-depth ratio were inconclusive.[8,12,13]  CTA suggested in their 1976 
report that the effect of the span-to-depth ratio can be explained by probabilistic theory:  “It follows from 
probabilistic theory that a larger area would fail before a smaller area of the same material subjected to the 
same stress, and hence that the shear strength would decrease with increasing shear span, but this effect can 
be expected to disappear rapidly.”[13] 
• Effect of Shear Ties 
Shear ties were shown to have a definite contribution to the horizontal shear strength of composite 
members after slip occurred. In tests[16,17] where the strain of shear ties was monitored, it was found that the 
ties were ineffective until slip began to occur at the interface.  That is, the ties were only mobilized after 
failure of the natural chemical bond between the precast and cast-in-place surfaces.  This suggests that, if 
the horizontal joint can be shown to remain intact up to the ultimate load capacity of the section the use of 
shear ties is unnecessary. 
• Topping Thickness / Position of Neutral Axis Relative to Joint 
Finally, the topping thickness[13] and position of the neutral axis of the section with respect to the horizontal 
joint[8,9] was only investigated in two papers and found to be inconclusive. [8][13]  
6.3. Horizontal Shear Testing Methods 
The evaluation methods employed in the previous research encompassed two main loading configurations.  These 
methods can be categorized into beam tests and push-off tests.  A large number of tests were conducted and are 
outlined in Appendix A.  The variability between tests and the results are summarized in this section. 
6.3.1. Flexural Tests 
Beam tests make up the majority of past research.  Specimens are commonly scaled-down to a length ranging from 
10 to 20’ simply-supported and loaded vertically.  The manner of loading the beams varied from a single point load 
at midspan to two point loads acting at various distances apart.  All beam tests were conducted with loads applied to 
the top of the slabs, except for the tests by Tan, et al.[18], where the loads were applied directly to the precast element 
to simulate floor slab loading on a composite inverted-tee girder.  Loading of the beam specimens from the top of 
the slab can increase the capacity of the horizontal joint by increasing the shear friction.  This was confirmed by 
Loov and Patnaik[16], who observed that horizontal shear cracking was not evident on the joint for a length bounded 
by a line sloping outward at 45 degrees from the edge of the loading plate region.  Therefore, the application of 
loads to the top surface of the slab may contribute to the horizontal strength of the specimen.  Loading of the beam 
specimen from the precast element instead of the cast-in-place slab is necessary to provide a lower-bound on the 
horizontal shear strength of the section. 
It was observed that diagonal shear crack propagation from the web initiated delamination at the interface.  Many 
times, the cracks would extend to the point of load application.  The propagation of these cracks to the interface had 
the potential of initiating horizontal shear failure prematurely.  This indicates that the horizontal shear capacity 
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required for composite action may be enhanced by designing the section to reach the flexural capacity prior to 
formation of shear cracking. 
6.3.2. Pushoff Tests 
Another type of test conducted is the so-called pushoff test, introduced by Hanson in 1960 and used by others[15,20] in 
later years.  In these tests, the cast-in-place element is “pushed off” of the precast element in direct shear.  This is an 
easy and direct method to calculate the shear capacity of an interface, but it has its shortcomings.  A side-view of 
Hanson’s[4] pushoff specimen is shown in Figure 6-1 to illustrate this point. 
 
Figure 6-1: Side view of Hanson’s pushoff test setup.[4] 
Even though the loads applied to either end of the specimen are concentric, some eccentricity still exists between the 
point of loading on the cast-in-place element and its reaction where the force is transferred to the precast element.  
This will produce an overturning moment at the interface, wherein the cast-in-place element will tend to pull away 
near the edge. 
The push-off specimen will also experience points of high stress concentration.  A standard push-off configuration is 
illustrated in Figure 6-2a.  Depending on the accuracy of the setup and boundary conditions, stress concentrations 
can occur, Figure 6-2b, resulting in an unconservative estimate of horizontal shear capacity.   
a) Concentric 
loading 
 
b) Non uniform 
shear stress 
Figure 6-2: Push-off test configuration 
Hanson[4] made an attempt to correlate the results from his pushoff tests to those of his beam tests.  The plot, which 
originally appeared as Figure 18 of Hanson’s report, is reproduced below as Figure 6-3.  The shaded regions in 
Figure 6-3 give a range for the pushoff test data; the curve bounding the top of a region represents the results of a 
typical pushoff test for a given surface preparation, while the curve bounding the bottom represents the same data 
with the effect of the stirrups subtracted.  Beam test results for different surface preparations are represented as lines.  
The intent is to show that the results from the beam tests fit well within this range from the pushoff tests.  However, 
it is plain to see that the pushoff test results do not match the results from the girder tests, with the exception perhaps 
of the rough bonded case which bounds the beam tests. 
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Figure 6-3: Correlation of pushoff and girder test results in terms of shearing stress vs. slip.[4] 
6.4. Further Research 
Research results to date suggest that the horizontal shear capacity of a composite joint without ties is much greater 
than the values currently allowed by ACI and AASHTO codes.  ACI code, however, has gone unchanged on shear 
capacity since 1971.  This can be attributed to the goals of previous research programs.  Experiments [1,2,4,9-11,15,17,18] 
have been conducted on topped systems without shear ties, however, these specimens typically make up only a small 
percentage of the study or were part of programs where the study of horizontal shear behavior was not a primary 
objective.  Thus the data that exists on beams without ties consists of results from many different tests – tests 
conducted by different researchers under different conditions at different facilities with different objectives in mind.  
CTA’s [13] technical bulletin “Composite Systems Without Ties” was dedicated to the subject, but the specimens 
tested as a part of that program were fabricated to mimic poor construction practice (oil spilled on surface of precast 
element, low-slump slab mix not consolidated, etc).  The result was a lower bound on horizontal shear capacity.  
Unfortunately data on properly constructed composite concrete beams was not included.  Instead, the 
recommendations made by CTA for the horizontal shear strengths of properly constructed beams are based on 
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scattered test results from other test programs.  After 1976, testing of composite concrete beams without ties ceased, 
with the exception of a few deck slab tests[15,17] and one beam test[18]. 
The applicability of horizontal shear stress demand has not been validated for composite prestressed sections.  Loov 
and Patnaik[16] compared the horizontal shear stress predictions of Eq. 3, Eq. 5, and other empirical equations, but 
did not in turn compare these values to experimentally measured results.  Their study provided insight on how the 
equations compare with each other, but not an idea of how accurate any of them might be to predicting actual 
horizontal shear stresses at ultimate load levels. 
Another question that remains somewhat unanswered is the influence of concrete strength on horizontal shear 
capacity.  Much of the relevant work in this area was done in the late 1950s and early 1960s.  Since then, high 
strength concretes have become commonplace in construction.  The New York State DOT, for example, now 
requires all precast bridge beams to have a minimum strength of 10 ksi.  It is possible that horizontal shear strength 
does not increase appreciably with 1 or 2 ksi increments in concrete strength, but perhaps increases of 4 to 6 ksi will 
have a more pronounced effect. 
Lastly, no tests conducted to date have taken a look at the effectiveness of bond-enhancing admixtures.  Since the 
quality of the chemical adhesion between the cast-in-place and precast elements is a crucial factor in their horizontal 
shear strength, the use of bond-enhancing agents may greatly enhance the horizontal shear strength of composite 
concrete beams.  The capacity of these coatings may preclude the need for steel ties. 
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7. PROPOSED TEST PROGRAM 
7.1. Objectives 
The test program described herein will be designed to address the unanswered questions regarding horizontal shear 
strength in composite precast/prestressed concrete beams with composite cast-in-place topping.  To summarize, the 
program has the following main objectives: 
• Through experimental evaluation determine the interface horizontal shear capacity of composite concrete 
beams without ties considering the affects of: 
o Varying degrees of surface roughness of the precast element 
o Effectiveness of bonding agents 
o Notable increase in compressive strength of the topping slab 
• Determine the accuracy of existing predictors for horizontal shear capacity. 
• Suggest/develop alternate recommendations to more accurately represent the horizontal shear capacity in 
composite beams. 
It is believed that the objectives of this program are a necessary step in achieving more economical designs for 
composite concrete construction without ties. 
7.2. Variables to Be Investigated 
The following variables are to be investigated as part of this test program: 
• Surface roughness of precast element 
o Broom finish 
o Exposed aggregate (special measures taken to remove the cement paste from the upper layer of the 
beam, leaving exposed coarse aggregate) 
o As-placed roughness (no special effort made to roughen or smooth the surface of the precast 
element) 
o Sheepsfoot voids (use of a rolling device that makes random trapezoidal shaped imprints in the 
surface of the precast element approximately 1 inch deep) 
• Effectiveness of bonding agents 
o Use of commercially available bond-enhancing agents, such as Ability Products’ “ABIL-HARD” 
or Euclid Chemical’s FLEX-CON and SBR LATEX admixtures. 
• Compressive strength of weaker element (topping slab) 
o 4 ksi strength concrete in slab 
o 8 ksi strength concrete in slab 
The investigation of sheepsfoot voids may not seem necessary in light of data which shows shear keys to be about as 
effective as a roughened surface in resisting horizontal shear.[4,8]  However, the shear keys previously examined 
extend across the entire width of the precast section of the beam.  It is conceivable that once a crack is formed in 
such a key, stress concentrations about that crack would force the crack to propagate until the entire key has been 
sheared off.  The use of the sheepsfoot void creates a random pattern of depressions; the failure of one would not 
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necessarily mean the failure of all voids in the region.  Thus a series of offset deep “sheepsfoot” voids might be 
more effective than typical shear keys, and investigation into their performance is warranted. 
7.3. Design of Test Specimens 
The test specimens are designed such that elevated horizontal shear stress (i.e., > 80 psi) exists at the composite joint 
at loads below the cracking load of the beam.  This was done because some of the prior research (Hanson[4], 
Saemann and Washa[8], and Loov and Patnaik[16]) showed that the propagation of flexure and shear cracking can 
initiate bond delamination at the joint and thus limit horizontal shear strength. 
The details of the proposed specimens are illustrated in Figure 7-1.  The beam is to be simply-supported over a span 
of 10’.  A 4 ksi concrete cast-in-place topping slab will be used for a majority of the specimens, while 10 ksi 
concrete will be used in the precast beam element.  The beam is capacity designed to ensure a flexural failure prior 
to vertical shear failure.  To accomplish this #3 stirrups are used spaced at 8-in. on center.  Two ½”-diameter 
prestressing strands will provide the flexural tensile reinforcement.  In the slab, four #4 steel reinforcing bars are 
used.  The ratio of the reinforcing steel provided in the slab is approximately the same ratio as that required by 
PennDOT in DM-4. 
 
 
Figure 7-1: Cross-section and elevation of typical test specimens 
Design calculations are presented in Appendix B.  Included in the appendix is the moment and vertical shear 
capacity of the member, cracking loads, and stresses at cracking load.  Important results are summarized here.  The 
 Internal Report Horizontal Shear in Composite P/S Members  28 
nominal moment capacity of the section is about 828 kip-in, based on a strain compatibility analysis with concrete 
crushing at a strain of 0.003.  The nominal vertical shear capacity of the prestressed web concrete alone is about 21.2 
kips and 37.7 kips when taking into account the contribution of the reinforcement. 
When using 3-point loading with the loads spaced 2-ft apart and symmetrical about the midpoint, as shown in Figure 
7-5, a horizontal shear stress in excess of 245 psi can be expected at flexural cracking.  At flexural cracking, all 
concrete is expected to be within the linear elastic range.  A horizontal shear stress of 445 psi is expected at ultimate 
flexural loading.  These calculations can be found in Appendix B.  Notable events during loading and the 
corresponding total load, P, in the 3-point loading scheme illustrated in Figure 7-5, are summarized in Table 7.1. 
Table 7-1: Summary of Loading Events 
Event Total Applied Load, P [kips] Horizontal Shear Stress [psi]
Flexural Cracking 20.6 245 
Concrete in slab crushes 37.2 445 
Web shear cracking 42.5 - 
7.4. Test Matrix 
A total of 24 specimens are to be tested to determine the impact of the variables listed in §7.2.  Each type of 
specimen is to be tested three times to examine the scatter in each variable.  The proposed test matrix is outlined in 
Table 7.2.  The matrix also contains three control specimens which will be fabricated with a monolithic topping.  
Deviations in performance between the composite specimens and monolithic counterparts will assist in assessing the 
degree of non-composite behavior, and therefore, horizontal shear failure. 
Table 7-2: Test Matrix 
SURFACE CONDITION SLAB STRENGTH 
SPECIMEN 
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f’c = 4 ksi f’c = 8 ksi 
M-1~3 x               
B-4-1~3   x         x   
E-4-1~3     x       x   
A-4-1~3       x     x   
S-4-1~3         x   x   
B-B-4-1~3   x       x x   
B-8-1~3   x           x 
E-8-1~3      x       x 
7.5. Comparison of Different Loading Methods 
Most beam designs are based on a uniformly distributed load case.  However, a uniformly distributed load would be 
difficult to create in a laboratory setting.  Therefore, a decision must be made on an appropriate point load 
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arrangement for the test setup.  The beam tests reviewed in Appendix A utilized either a single concentrated point 
load at midspan, or two concentrated point loads arranged symmetrically about the midpoint.  None of the literature 
reviewed made any mention of why one loading scheme was chosen over the other.  The differences between single, 
double, and triple-point loading are examined here and a loading scheme is chosen. 
7.5.1. Single Point Load Scheme 
For a simply-supported specimen loaded by a single point load at midspan, the reaction at each support is equal to 
half of the applied load.  The result is shear spans of constant shear and a triangular moment diagram as shown in 
Figure 7-2. 
Horizontal shear is a function of vertical shear, as shown by equations 3, 4, and 5.  Therefore it would seem as 
though a single point loading would be ideal for the investigation of horizontal shear capacities.  However, 
complications can arise from use of this loading arrangement.  The constant shear across the beam means that web 
shear cracks are equally likely to form anywhere throughout the length of the specimen.  It has been shown in some 
previous research (Hanson[4], Saemann and Washa[8], and Loov and Patnaik[16]) that the propagation of web shear 
cracks towards the composite joint can initiate delamination of the bond as the cracks travel along the joint instead 
of continuing along their original path up into the slab.  The result is a reduction in the area of bond along the 
interface leading to a premature horizontal shear failure. 
7.5.2. Two Point Loading Scheme 
For a simply-supported specimen loaded by two point loads symmetric with respect to midspan, the reaction at each 
support is equal to half of the total applied load, or each individual applied load.  The result a shear span of constant 
shear extending from the first support to the first applied load, zero shear between the two point loads, and constant 
shear from the second point load to the second support.  A trapezoidal moment diagram will also result.  Shear and 
moment diagrams for this loading case are illustrated in Figure 7-2. 
This loading scheme will produce results similar to the single concentrated point load, with the exception of the 
region of zero shear and constant moment.  While a region of zero shear theoretically corresponds to a region of zero 
horizontal shear, this region of constant maximum moment provides a length over which flexural failure can occur.  
This can help ensure flexural failure of the beam, which is the desired mode of failure in these tests after horizontal 
shear failure.  This loading condition is also a somewhat better approximation to the shear and moment diagrams 
produced by a uniformly distributed load, which is the basis of many designs in practice.  Comparisons of shear and 
moment diagrams for the 3 load cases are compared to that of a uniformly distributed load in Figure 7-2. 
7.5.3. Three Point Loading Scheme 
For a simply-supported specimen loaded by three point loads symmetric with respect to midspan, the reaction at 
each support is equal to half of the total applied load.  The result is a shear span of constant shear extending from the 
first support to the first applied load, a shear span of reduced shear in-between the interior point loads, and constant 
shear from the third point load to the second support.  A pentagonal moment diagram will result.  Shear and moment 
diagrams for this loading case are illustrated in Figure 7-2. 
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As the spacing between the loads is increased, the maximum shear is also increased, because it requires more load to 
achieve the moment capacity at midspan.  However, by increasing the spacing, the span over which the shear acts 
decreases.  A balance between relatively high shear (and therefore, high horizontal shear) and a reasonable distance 
over which this shear can be transferred is desired.  For this loading scheme, a distance of 2-ft was chosen for the 
spacing between each load, as it was thought to be the best balance of shear force and shear span. 
This loading scheme is the best approximation to the shear and moment diagrams produced by a uniformly 
distributed load.  It produces a region of high and fairly constant moment without the region of zero shear. 
 
 
Figure 7-2:  Shear and moment diagrams at ultimate for alternate loading conditions 
Uniformly Loaded
Single Load
Doubly Loaded
Three Loads 
Uniformly Loaded
Two Loads 
Single Load 
Three Point Loads 
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7.5.4. Recommended Loading Scheme 
While the single point load case provides convenient spans of constant shear, the values of shear reached are much 
less than those that can be achieved by a double and triple point load scheme.  The two point load scheme produces 
higher shear forces, and therefore higher horizontal shear forces, in the regions between the supports and the 
concentrated loadings than can be achieved with a single point load.  However, it also produces a region of zero 
shear between the two point loads.  The three point load scheme can produce shear forces of similar magnitude to 
the double point load scheme without the region of zero shear force.  It is therefore recommended that a loading 
scheme consisting of 3 point loads spaced 2 feet apart from each other and symmetrical about the midpoint be used 
in this test program, based on the relatively high shear forces that can be produced at ultimate loading without a 
region of zero shear. 
7.5.5. Load Application 
It is desirable that the load be applied to the beam specimens such that it does not act directly on the topping surface.  
As shown in previous research (namely, Loov and Patnaik[16]), the stress concentrations underneath the point of load 
application can prevent horizontal shear cracks from forming in a region bounded by 45° angles from the point of 
application.  This is due in part to an increased horizontal strength in this region due to shear-friction.  Specimens 
loaded on the top of the slab may, therefore, possess more horizontal shear strength than is actually attributable to 
the bond alone and corresponding test results may provide an upper bound for horizontal shear strength.  A 
specimen not loaded through on the top of the slab, but rather, through the loads applied to the web, will not 
experience this phenomenon and will likely provide a suitable lower bound for horizontal shear strength.  This can 
be clearly illustrated through FE analysis. 
A typical shear stress distribution in a T-beam section is computed through an elastic finite element analysis (Figure 
7-3a).  Under a uniform load condition the vertical stresses along the topping interface are low (Figure 7-3b1).  
When point loads are applied to the top of the section a concentrated clamping force is generated on the interface 
(Figure 7-3b2) which could result in an elevated shear capacity.  To alleviate the compression force at the beam-
topping interface a pull-down configuration is recommended for future testing (Figure 7-3b3).  To properly achieve 
this mode the pull-down anchorages must be properly detailed. 
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Figure 7-3: Stress distribution in composite beam 
7.6. Instrumentation 
In order to accurately measure the horizontal shear stress at the composite joint, extensive instrumentation is 
required as described in this section. 
7.6.1. Strain Measurement 
Strain gauges will be used to measure the deformations in the concrete at various levels.  These strains can then be 
checked with actual stress-strain curves obtained from cylinder tests of concrete from the same mix to obtain the 
corresponding stress in the concrete. 
The strain gauges used in this test program will have three essential functions:   
• First, gauges placed on the undersides of the slab close to the joint will be used to directly capture the 
horizontal shear stress at the interface.  The strains measured will correspond directly to a stress determined 
from cylinder tests of the slab concrete.  These gauges are labeled with a 1 in Figure 7-4. 
• Secondly, strain gauges should be located along the cross section depth at regular intervals along the beam 
length to assess the occurrence and progression of horizontal slip.  Deviations in the strain profile at the 
joint are evidence of slip along the joint.  These gauges are labeled with a 2 in Figure 7-4. 
• Thirdly, strain gauges located along the outside of the slab and throughout the slab can be used to roughly 
calculate the force in the slab.  This can be done by assigning a strain gauge and its corresponding stress to 
a tributary area, and summing these stresses multiplied by their tributary areas to obtain the total force in 
the slab at a certain location.  Subtracting the force in the slab at one location from the force in another 
location and dividing by the area of the horizontal joint between these two locations will give the average 
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horizontal stress over the joint.  The idea is the same as calculating (C1 - C2)/(bvl) in Figure 5-1.  This will 
provide a check on the horizontal shear stresses obtained from the direct strain measurements.  All of the 
gauges shown in Figure 7-4 will be used to accomplish this third objective. 
Figure 7-4 shows the suggested locations of strain gauges on the cross-section to achieve these objectives, while 
Figure 7-5 shows the intervals along the length at which the cross-section is to be instrumented.  It has been 
suggested (CTA 1976) that horizontal shear stresses may be greater near midspan at ultimate loads than they are 
near the supports, despite the lower vertical shear stress in this region, due to cracking of the cross-section.  For this 
reason, strain gauges are provided at regular intervals along the entire length of the beam, instead of just the regions 
of maximum vertical shear. 
 
Figure 7-4: Strain gauge location on cross-section of the test specimens 
 
Figure 7-5: Strain gauges (x) along the span of the test specimen 
For the strain gauges shown in Figure 7-4 that are positioned within the slab, the gauges nearest the top may be 
connected to the steel reinforcement within the deck.  The remaining two rows of strain gauges can be positioned by 
mounting to an embedded bar (that will not contribute significantly to the strength of the member) prior to pouring 
of the slab concrete. 
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7.6.2. Slip Measurements 
Displacement transducers will be used to measure slip of the slab relative to the web.  Such slip is indicative of a 
horizontal shear failure of the joint.  These slip gauges also provide a check against the strain profiles developed by 
the strain gauges described in the previous section to confirm horizontal shear failure.  Slip gauges are to be 
provided in the same locations as the strain gauges in Figure 7-5. 
7.6.3. Deflection Measurements 
Displacement transducers will be used to measure the deflection of the beam as the loading is increased.  These 
measurements can be yet a third check on identifying a horizontal shear failure.  Sudden deviations in the plot of 
deflection vs. load can be an indication of loss of composite action caused by horizontal shear failure.  Deflection 
gauges are to be provided at the loading points along the span as shown in Figure 7-6. 
 
Figure 7-6: Suggested locations of displacement gauges (x) along the span of the test specimen 
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8. CONCLUSIONS AND RECOMMENDATIONS 
Economic benefits can be gained by both the producer and owner of precast/prestressed bridge members if current 
code recommendations for the design against horizontal shear failure are relaxed. The conservative nature of these 
recommendations made by ACI, AASHTO, and PennDOT has been reinforced by the results presented in the 
journal articles and lab reports reviewed here. Although none of the previous research efforts focused on composite 
sections without ties, results presented by Gohnert and others point to allowable interface capacities of 205 psi or 
greater. Therefore, a direct investigation into the behavior of composite sections without horizontal shear 
reinforcement, as proposed previously and summarized below, is fully warranted. 
8.1. Test Program Summary 
Among the many variables formerly evaluated a number were found to be worth reconsideration in terms of their 
effect on composite behavior without ties: 
• Surface Roughness  
Current practices of exposed aggregate, as-placed roughness, and broom finish will be evaluated. A random 
pattern of offset deep depressions formed by a “sheepsfoot” tool will also be appraised for effectiveness.  
• Compressive Strength of Topping Slab 
As the weaker element of the beam-slab typically limits shear capacity, composite sections incorporating 4 
ksi and 8ksi topping concrete will be tested. 
• Effectiveness of Bonding Agents 
Admixtures and surface applied agents will be tested for their effect on the quality of the chemical bond 
and subsequent effect on the horizontal shear strength.  
Application of the aforementioned variables will be conducted on 24 specimens, where each variable (and 
monolithically poured control) will be tested three times to examine scatter. The test specimens will be a series of 
prestressed, rectangular sections, each with a lab-cast topping slab. The beam-slab section is designed for the high 
horizontal shear stress at the interface before the onset of cracking. Similarly flexural failure of the section is 
ensured through under-reinforcement. These precautions are taken to ensure that propagation of shear and flexure 
cracks does not initiate delamination at the interface. Applicability to current PennDOT design procedure is also 
maintained in the slab reinforcement ratio.  
Loading of the specimen will be conducted through a three point, pull-down loading scheme where loads are spaced 
2 feet apart and placed symmetrically about the midpoint. Testing of the specimens to failure will yield a horizontal 
shear stress of 245 psi at cracking and 445 psi at ultimate flexural loading.  
Data acquisition will take place through a series of strain gauges and displacement transducers. Strain gauges 
located at the interface, throughout the slab, and along the cross-section depth will allow for: 
• The direct capture of horizontal shear through the stress-strain relationship taken from concrete cylinder 
tests 
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• The assessment of slip progression through the perception of deviations in the strain profile  
• The calculation of total force in the slab using equivalent stresses and tributary slab areas 
Displacement transducers will provide a check on strain measurements through the measurement of slip at the 
interface. Placed at the loading points they will also be used to measure deflection and detect a sudden loss of 
composite behavior through deflection versus load deviations.  
8.2. Program Accuracy 
This program seeks to correct the oversights that have typically occurred while developing the loading scheme in 
previous research programs.  
As discussed earlier, the loading configurations for previous programs can be categorized into push-off tests and 
beam tests. Beginning with Hanson in 1960 the push-off test was a straightforward method for measuring the 
interface capacity. However, if the test was not properly engineered, its results did not correlate well to beam tests, 
as Hanson’s results reveal in Figure 6-3. The problems associated with this test can be attributed to a number of 
factors including eccentric loading and the development of stress concentrations along the interface.  
Although beam tests are subject to a number of insufficiencies as well, many can be designed against. For instance: 
• Slab Loading versus Pull-Down Loading 
The loading of a beam-slab specimen from the top produces a clamping action at the load points. This 
increases the shear-friction mechanism between the slab and beam, leading to an inflated horizontal shear 
capacity. Therefore, the testing program proposed includes the pull-down loading of specimens from the 
precast element. 
• Crack Initiated Delamination 
The failure to design the specimen adequately for shear may result in diagonal shear cracking well before 
the ultimate loading of the beam. The propagation of these cracks can initiate delamination of the 
composite section and produce early horizontal shear failure. The specimens designed for this program are 
ensured to fail in flexure as indicated in Table 7-1. 
• One, Two, or Three Point Loading 
Beams are typically designed using a uniformly distributed load. This loading scenario is hard to reproduce 
in the lab, so an approximate point load scheme must be used. All previous tests reviewed included 
provisions for single or double point loading. Unfortunately, when compared with uniform loading moment 
and shear diagrams (in Figure 7-2), the single and double point schemes are not suitable approximations. 
Additionally, the single point scheme introduces undesirably high shear all along the beam which could 
lead to web shear cracks and delamination. The double point scheme is also flawed in the section of zero 
vertical shear (therefore zero horizontal shear) at midspan. As specified for this program, the triple point 
loading scheme produces a better approximation to both uniform loading moment and shear.  
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8.3. Additional Work to be Completed 
In order to conduct the horizontal shear testing program proposed, the following work must be completed: 
• Detailing of the pull-down anchorages 
• Detailing of the loading frame and setup 
• Fabrication of the precast/prestressed specimens  
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Appendix A. Chronological Literature Review of Composite Concrete Beam Tests 
A.1. Revesz (ACI Journal, Feb. 1953, pp. 585-592) [1]: 
Revesz tested 5 composite concrete beams – 4 prestressed with high tensile strength wire, 1 with mild steel 
reinforcement – to observe their behavior under loading and to establish reasonable simplifications for the design of 
such beams.  No horizontal shear ties or intentional interface roughness were included in any of the test specimens.  
Horizontal shear capacity was not necessarily the focus of the study.  The 14-ft, simply supported T-beam specimens 
were loaded at the third-points (see Figure A-1 of cross-section).  Four of the specimens failed in flexure; another, 
specimen “J,” failed in horizontal shear.  In all of these cases, however, the measured strength of the beam exceeded 
the calculated estimate.  Specimen “J” exceeded its estimated capacity by 12%.  The author concluded, among other 
things, that “it is desirable to roughen contact surfaces of the precast web and cast-in-place concrete of composite 
beams, or even introduce shallow serrations, to prevent failure by horizontal shear. 
 
Figure A-1: Cross-section of specimens tested by Revesz 
A.2. Ozell and Cochrane (PCI Journal, May 1956, pp. 38-48) [2]: 
Nine composite lintel beams were tested having the cross-section shown below in Figure A-2.  The 14.5-ft 
specimens were simply-supported and were loaded by a single concentrated load at midspan.  The test program had 
two major objectives, one of which was to determine if the natural bond of the concrete at the joint can provide 
reliable resistance to horizontal shear.  No special attempts were made to roughen the contact surfaces; according to 
the authors, the surfaces were “extremely smooth.” 
None of the composite beams tested showed any slip between the two surfaces or vertical separation until after the 
cracking load was reached.  According to the authors, “the test results indicated that the natural bond and friction 
between the bare lintel and the core provide for sufficient horizontal shear resistance so that composite action is 
possible.”  Ozell and Cochrane concluded that “natural bond between the bare beam and cast-in-place portion 
provide reliable resistance to horizontal shear.” 
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Figure A-2: Test setup and cross-section of specimens tested by Ozell and Cochrane 
A.3. Kaar, et al. (Journal of the PCA Research and Development Laboratories, May 1960, pp. 21-37) [3]: 
Fifteen T-shaped girders were tested in this study, which was a sort of pilot test in a series of extensive tests on 
precast-prestressed concrete bridges.  The objective of this particular project was not to investigate the shear strength 
of horizontal shear joints, but to explore (1) the strength of the deck reinforcement continuity connection between 
precast girders subject to negative bending moment, and (2) the strength and moment redistribution of continuous 
girders with such a negative moment connection. 
The specimens tested had the cross-section shown in Figure A-3.  All of the specimens contained some ratio of steel 
across the horizontal joint; none were without reinforcement.  The authors reported that the horizontal shearing 
stresses in the beams of Groups I and II were sustained without shear failure.  The horizontal shear stresses for these 
two groups ranged from 189 to 363 psi.  It was noted that, in some cases, cracking took place along short lengths of 
the joint, but was no case of a general separation of the deck slab from the girders.  For the 3 girders of Group III, 
horizontal shearing stresses of 336 and 353 psi were reported to be sustained safely.  However, the girder containing 
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1.66% deck reinforcement failed in horizontal shear.  At 80% of the ultimate test load, horizontal cracks formed at 
the slab-to-girder contact surface, between the diaphragm and girder loading point.  These cracks gradually 
lengthened and widened until the deck slab buckled from the girder as the ultimate load was reached at a horizontal 
shearing stress of 385 psi.  This ultimate load was 98% of that calculated by limit design. 
 
Figure A-3: Test setup and cross-section of specimens tested by Kaar, Kriz, and Hognestad 
A.4. Hanson (Journal of the PCA Research and Development Laboratories, May 1960, pp. 38-58) [4]: 
Sixty-two “push-off” tests and 10 girder tests were conducted as step 2 in a series of 9 related experiments on 
precast-prestressed concrete bridges.  Of those tested, 20 push-off specimens and 2 girder specimens did not contain 
stirrup reinforcement across the interface (one of the girder specimens was cast monolithically).  The intent of the 
experiments was to explore the effectiveness of various means of horizontal shear transfer at the contact surface 
between the precast and cast-in-place concrete.  Test variables included surface bond, roughness, the effect of keys 
and the effect of stirrups.  The push-off specimens were constructed as shown below in Figure A-4 and then rotated 
to sit on the end block and loaded vertically in a compression machine. 
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Figure A-4: Details of push-off specimens tested by Hanson 
The contact surfaces of “smooth” specimens were trowelled to a relatively smooth condition.  The “rough” surfaces 
were roughened to approximately 3/8” amplitude.  “Bonded” surfaces were cast as usual, whereas “unbonded” 
surfaces were painted with a silicone compound that prevented the new concrete from bonding to the precast 
concrete. 
Push-off tests: 
From the push-off tests, it was noted that: 
• Bond:  Specimens in which the concrete was allowed to bond developed a high shearing stress at low slip 
levels, whereas the unbonded specimens required “considerable slip” before high shearing stresses could be 
reached. 
• Keys:  It was concluded that the effect of keys with roughness and bond is not additive.  It was advised to 
avoid the use of keys. 
In Figure 5 of Hanson’s report, average shearing stress is plotted against slip.  To compare the effects of different 
types of surface preparations, Hanson subtracts the “effect of stirrups alone” by subtracting the average load/slip 
curves for specimens containing a smooth unbonded surface from the load/slip curves recorded from the test results.  
This practice is questionable because it neglects the effects of shear-friction on roughened surfaces resulting from 
the clamping action of the yielding stirrups. 
Girder Tests: 
Two series of girders were tested in this portion of the experiment as shown in Figure A-5.  The T-sections were 
designed such that “the horizontal shear at the girder-slab contact surface reached high values at loads well below 
flexural failure.”  In addition, the section was chosen so that the neutral axis of bending strains was near the contact 
surface both before and after flexural cracking took place.  The equation VQ/Ib was used to calculate horizontal 
shearing stress, in which Q is the first moment about the neutral axis of all areas from the horizontal section 
considered to the extreme compression edge.  This equation was applied to the contact surface (slab) section, 
considering the cracked transformed cross section of the T-shaped composite girder, and the resulting relationship 
between shearing force and shearing stress was used in relating stress to joint slip. 
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It was observed in both series that as loading was increased, initial flexural cracking inclined towards the load 
surface.  As these cracks reached the contact surface between the deck and the girder, they tended to travel along the 
joint for short distances.  As the shear caused slip to develop between the girder and slab, the girder began to act as a 
partially composite member.  Hanson observed the gradual development of large local slips, particularly around the 
quarter-points of the spans, but noted that the girder cannot become completely non-composite until slip takes place 
at the girder end.  He concluded that a slip of 0.005 inches seems to be a critical value beyond which composite 
action is rapidly destroyed.  The girders of Series I failed in shear-compression failure preceded by a loss of 
composite action over much of the length outside the load points.  The girders of Series II also failed as non-
composite members, but by flexural compression crushing of the top of the precast girders below the contact 
surface. 
A table summarizing the test results for the each girder tested, including the failure method and horizontal shear 
stress at failure, was not provided in this report. 
The deflection of girders with a bonded contact surface followed the curve for the monolithically cast control 
specimen until changes in the conditions at the contact surfaces (i.e., loss of bond and slip) caused deviations.  This 
indicates composite action of the beam until horizontal shear failure.  Loss of composite action was observed at 
horizontal shear stresses of 340 and 310 psi for smooth bonded girders from Series I and II, respectively, and 620 
and 520 psi for rough bonded girders from Series I and II, respectively. 
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Figure A-5: Girder specimens tested by Hanson 
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Comparison of push-off and girder tests: 
Hanson then compared the horizontal shearing stress vs slip data for the push-off and girder tests, and concluded, in 
general, that the push-off tests give a good representation of the character of the stress-slip curves for the girders 
tested.  Specifically, the push-off test curves are conservative for a smooth bonded connection, representative for a 
rough bonded connection, and inconclusive for a rough unbonded connection. 
Hanson recommends a maximum shearing stress for composite action of 500 psi for a rough bonded surface and 300 
psi for a smooth bonded surface.  In addition, approximately 175 psi shear capacity may be added for each percent 
stirrup reinforcement crossing the joint.  Hanson also advises that work should only be continued with rough bonded 
surfaces with stirrup reinforcement across the joint.  He calls for more research regarding the effects of concrete 
strength, stirrup size, stirrup percentage, and repeated loading. 
A.5. ACI-ASCE Committee 333 (ACI Journal, Nov. 1960, pp. 609-627) [5]:  
In this committee report, tentative recommendations are made for the design of composite concrete beams.  The 
report references the 3 reports listed above by Revesz, Ozell & Cochrane, and Hanson as the basis for its 
recommendations, in particular, the 9 test beams from these studies that failed in horizontal shear.  Based on its 
studies, the committee decided that horizontal shear strength of 80 psi and 400 psi seemed reasonable for smooth 
bonded and rough bonded beams, respectively.  This is the first document in which the 80 psi value appears.  They 
then imposed a factor of safety of 2.0 for smooth bonded surfaces and 2.5 for rough bonded surfaces at working 
loads, for a final recommendation of 40 psi for a smooth bonded surface with minimum steel ties, and 160 psi for 
rough bonded surfaces with minimum steel ties.  At ultimate load, the stresses allowed were doubled.  These 
minimum steel stirrup requirements were a reinforcement ratio of 0.15% of the contact area, but not less than 0.20 
in2 per foot of span, at spacing not to exceed four times the thickness of the slab nor 24 inches.  The committee also 
states that when additional vertical ties are used, the allowable bond stress on a rough surface may be increased at 
the rate of 75 psi for each additional area of steel ties equal to 1% of the contact area. 
In the determination of horizontal shear demand, the committee recommended the use of the equation v = VQ/I to 
compute the horizontal shear per unit length of beam.  In this equation, Q is the statical moment of the transformed 
area on one side of the contact surface about the neutral axis of the composite section, and I is the moment of inertia 
of the transformed composite section neglecting the tensile resistance of concrete.  The recommendations also state 
that if the horizontal shear, v, exceeds the capacity of bond as described in the previous paragraph, shear keys should 
be provided throughout the length of the member. 
CTA[12] would later criticize the findings of Committee 333 in 1974 in the technical bulletin titled “Composite 
Systems Without Roughness” (the findings of which will be discussed later), with particular attention paid to the 
origin of the 80 psi figure.  The following is borrowed from this report by CTA[12]: 
“Note that Table 2 on page 624 of the Committee’s report is describe as listing nine specimens which failed in 
horizontal shear; however, none of the specimens reported by Ozell and Cochrane failed in horizontal shear, and 
thus they appear to be listed erroneously in Table 2.  The one specimen taken from Revesz is listed in Table 2 as 
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having failed at a horizontal shear stress of 122 psi, although Revesz records the same specimen at 134 psi and 
VQ/Ib is calculated to be 143 psi. 
The four specimens credited to Hanson have been reduced by and average of 30% from Hanson’s values as taken 
from figure 15 of his report.  An additional specimen tested by Hanson (BR-1) was not included by the Committee, 
even though it did fail in horizontal shear and provided valuable information about the performance of composite 
girders without ties. 
The 1971 ACI Code refers to tests by Saemann and Washa, Hanson, Mattock, and Kaar, and Grossfield and 
Brinstiel, as the basis for the requirements on horizontal shear.  In all the above references, only three specimens 
without steel ties were tested to failure, and these achieved 350 psi (Hanson), 420 psi and 606 psi (Saemann and 
Washa) of horizontal shear, respectively.  It must be concluded that the present-day allowance of 80 psi for an 
intentionally roughened contact surface without ties derives from the 1960 report of Committee 333 discussed 
above.” 
CTA also provides the following tables for the comparison of permissible horizontal shear stress through the years 
according to ACI, and discrepancies between the specimens listed in the Committee’s report and the referenced 
documents from which these specimens came.  These are reproduced below as Tables B.1 and B.2: 
Table B.1: Evolution of Horizontal Shear Capacity Allowed by ACI[12] 
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Table B.2: Summary of Discrepancies Between Specimens and Horizontal Shear Values Referenced by ACI-ASCE 
Committee 333 in 1960 and What Was Reported by the Original Researchers[12] 
 
The Committee’s final recommendations are very conservative for the case of beams without ties across the 
interface, considering the shear capacities reported by Hanson in his pushoff tests in Table 1 of his report.[4]  
Assuming the capacities reported follow a normal probability distribution and taking a 95% confidence interval, the 
horizontal shear capacity of a smooth bonded joint should be about 50 psi, and that of a rough bonded joint should 
be about 315 psi. 
A.6. Mattock and Kaar (Journal of the PCA Research and Development Laboratories, Jan. 1961, pp. 19-46) [6]: 
This report is Part 4 of PCA’s investigation into precast-prestressed concrete bridges, of which Hanson’s paper was 
Part 2.  This portion of the project was concerned primarily with the shear strength of precast-prestressed girders 
made continuous by placing deformed bar reinforcement longitudinally in the deck slab over interior supports.  
However, additional data was also obtained on the horizontal shear strength of the precast/cast-in-place joint and 
analyzed in conjunction with the findings of Hanson’s report. 
The cross-section of a typical test girder is shown below as “Section A-A” in Figure A-6.  None of the beams tested 
were without stirrup reinforcement across the joint; web-reinforcing stirrups were extended across the joint.  The 
beams were also tested as a single span girder with a tied-down cantilever at one end, as shown in the elevation view 
of Figure A-6.  Three load points located a variable distance, x, from the support, were used to simulate the 
distribution of axle loads of a moving standard H20-S16 design vehicle.  By suitably varying the tie-down force, Q, 
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it was possible to simulate in the single span the conditions which would exist in one span of a two-span continuous 
girder. 
 
Figure A-6: Cross-section and loading arrangement of specimens tested by Mattock and Kaar 
Of the 15 girders tested in this study, 13 failed in shear, 1 failed in flexure, and 1 failed in horizontal shear at the 
contact surface between the deck slab and the precast girder.  The horizontal shear failure of girder S22 resulted 
from a separation of the deck slab from the top face of the girder along the entire length of the shear span.  This led 
to the pulling out of the end of the girder from the diaphragm.  There followed a crushing failure at the bottom of the 
diaphragm and a flexural failure at midspan of the girder.  Horizontal shear stress at this failure was calculated to be 
307 psi, using the equation VQ/Ib and based on the cracked section at the support (since the horizontal shear cracks 
were initiated in this region).  Correcting for the effect of shear ties, as suggested by Hanson by subtracting 175 psi 
for each percent of steel across the joint, this value becomes 277 psi. 
Mattock and Kaar list the maximum horizontal shear stresses of some of the beams tested in the series thus far, 
along with the shear span-to-depth ratios and reinforcement ratios of the joints.  The “net maximum horizontal shear 
stress” is obtained as just described, by subtracting 175 psi for each percent of steel across the joint.  This table is 
reproduced below as Table B.3.  These horizontal shear stress values are calculated using VQ/Ib and considering the 
cracked section at the supports (for those beams tested in this report and those in the report by Kaar, Kriz, and 
 Internal Report Horizontal Shear in Composite P/S Members  50 
Hognestad, since horizontal shear cracks initiated in this region) and at midspan (for the girders tested by Hanson).  
Note that tabulated results are not given in Hanson’s report for his girder tests, so it is unclear where the values 
attributed to him in this table come from.  Also, Hanson does describe any of his girders as failing in “horizontal 
shear,” although he does cite loss of composite action as preceding other forms of failure.  In addition, the authors 
are not clear on how the properties of the cracked transformed section are obtained. 
Table B.3: Summary of Horizontal Shear Stresses of Beams Tested. 
 
In conclusion, Mattock and Kaar propose that, for design purposes, the maximum horizontal shear stress at ultimate 
strength for a rough bonded contact surface should be limited to vH (in psi): 
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In addition, they state “to this limiting stress may be added 175 psi for each percent of stirrup reinforcement crossing 
the contact surface.  In any event at least 0.15% of stirrup reinforcement should be provided and firmly anchored in 
the slab.”  Mattock and Kaar also propose that, for girders subjected to rolling loads, horizontal shear stresses need 
not be investigated for the portion of a span within a distance equal to the effective depth from the supports. 
A.7. Grossfield and Birnstiel (ACI Journal, June 1962, pp. 843-851) [7]: 
The pilot tests conducted by Grossfield and Birnstiel discussed in this paper were undertaken to study the effect of 
three joint treatment methods [on horizontal joint shear strength] and the problems of instrumentation.  The pilot test 
program consisted of 6 composite beams and 2 monolithic beams.  All of the composite beams tested contained 
shear ties across the joint. 
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Two levels of horizontal shearing stress at the joint were produced by varying the width of the contact surface 
between the web and flange.  The reinforcement ratio across the joints were kept constant, however.  The beams 
were under-reinforced and designed such that the neutral axis of the section was at the joint (a later analysis revealed 
that the neutral axis was actually about ¼” above the joint).  The sections tested are shown below along with the test 
setup in Figures B.7and B.8 
 
Figure A-7: Cross-section of specimens tested by Grossfield and Birnstiel 
 
Figure A-8: Loading and instrumentation of specimens tested by Grossfield and Birnstiel 
Basically, the only variable studied was the surface treatment.  The width of the contact surface was also varied, but 
only to change the amount of horizontal shear stress.  Surface treatments investigated include: 
• Roughened surface (transverse v-shaped grooves approx. ¾” deep at 1½” on center) 
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• Troweled smooth 
• Troweled smooth, adhesive applied (after curing, the smooth surfaces were coated with epoxy adhesive and 
the flange concrete was placed immediately thereafter). 
 
Instrumentation during testing consisted of deflection measurements by dial gauges at 7 stations along the span, 
strain gauges located as shown in the figure at quarter points and midspan, and slip gauges located as shown to 
capture the relative slip of the flange and web. 
Failure of the test specimens was described as primarily caused by the yielding of the longitudinal reinforcement.  
Only Beam 1 (smooth joint, reduced joint width) was observed to separate at the joint (horizontal shear failure).  
Beams 5 and 6, which had smoothly finished joints with adhesive, differed from that of the other specimens in that 
they exhibited less cracking at all loads up to failure. 
All of the beams with reduced joint width exhibiter greater deflections than any of the beams with a “regular” joint, 
indicating a loss of composite action at these deviations.  As with Hanson’s study, the largest web-flange slip was 
measured at the quarter points, while small slips were measured at midspan and at the supports. 
The strain gauges were used to determine the position of the neutral axis and to aid in determining the load at which 
composite action was lost.  The gauges were successful in capturing the location of the neutral axis; however their 
use was met with limited success in determining the onset of noncomposite behavior.  The strain distributions 
measured for Beam 1 (which separated at the joint) indicated noncomposite behavior, in agreement with the slip and 
deflection measurements for this beam.  In some other beams, however, the strain gauges indicated noncomposite 
action, which was not in agreement with slip and deflection measurements.  The authors state that the results of the 
strain gauges on the webs are unreliable because of the likelihood of cracks intersecting the 2½” long gauges; even 
if cracks were not to intersect the gauge, the complex redistribution of stresses and strains in the beam webs due to 
cracking makes the interpretation of these strains difficult. 
The authors do not make and conclusions about the strength of the composite joints, but do discuss the difficulties in 
obtaining accurate measurements.  They also criticize Hanson’s conclusion that the slip vs shear stress behavior 
observed in push-off tests is a good representation of beam behavior, stating that the actual measurement of slip is 
difficult in beam tests, and that the effects of web cracking in a beam are not reproduced in a push-off test.  The 
authors suspect that Hanson’s critical slip value of 0.005 in includes some cracking.  They also suggest that an 
attempt to develop design criteria based on permissible slip is unrealistic. 
A.8. Saemann and Washa, (ACI Journal, Nov. 1964, pp.1383-1409) [8]: 
42 mild steel-reinforced T-beams were tested in an attempt to provide information on the following variables:   
1. Degree of roughness of contact surface 
2. Length of shear span 
3. Percentage of steel across the joint 
4. Effect of shear keys 
5. Position of the joint with respect to the neutral axis 
6. Concrete compressive strength 
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The 42 T-beams tested were broken down into four series, the cross-sections and loading of which are shown below 
in Figure A-9. 
 
 
 
Figure A-9: Cross-sections (above) and loading (below) of specimens tested by Saemann and Washa 
As with Hanson’s tests, the authors noted that cracks inclined towards the center of the beam, and upon reaching the 
joint, some proceeded to travel along it.  Also similar to Hanson’s tests, interface slip increased with increased 
loading, with the maximum slip generally occurring 2½ feet to each side of the center of the beam. 
Three fundamental types of failure were obtained from the tests:  tension (in the 20-ft beams), shear and tension-
shear (in the 8-ft and 11-ft beams). 
The authors made the following conclusions about the test variables studied: 
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1. Degree of roughness of contact surface:  The ultimate shear strength of the joint increased for the 8 an 11-ft 
beams as the contact surface roughness increased from smooth to intermediate, and showed little change 
for the 20-ft beams as the contact surface roughness increased. 
2. Length of shear span:  Ultimate shear strength of the joint increased as the ratio of shear span to effective 
depth decreased.  The curves relating ultimate shear strength to the ratio of shear span to effective depth 
show the need for considering this ratio. 
3. Percentage of steel across the joint:  Ultimate shear strength of the joint increased considerably for the 8 
and 11-ft beams with a smooth surface as the amount of stirrup steel across the joint increased, and 
increased considerably for the 8 and 11-ft beams with an intermediate contact surface as the amount of 
stirrup steel across the joint increased up to about 0.20%.  Shear strength showed little change for all 20-ft 
beams as the amount of stirrup steel across the joint increased.  All beams containing more than 0.15% 
steel and having an intermediate or rough contact surface carried an ultimate load greater than 1.8 x design 
load based on moment.  The curves relating ultimate shear strength to the percent steel across the joint 
show the need for considering this ratio. 
4. Effect of shear keys:  Beams with an intermediate rough surface had ultimate shear strengths approximately 
equal to those for beams with keys.  Keys in the flange were slightly more effective than keys in the web. 
5. Position of the joint with respect to the neutral axis:  The beams with the joint 2 inches below the neutral 
axis (series B) were somewhat stronger than comparable beams with the joint 2 inches above the neutral 
axis. 
6. Concrete compressive strength:  An increase in the concrete strength from 3000 to 5500 psi increased only 
slightly the ultimate shear strength of the joint. 
 
Three types of failure were obtained in these tests: 
• The 20-ft beams required a calculated horizontal shear stress of approximately 300 psi to develop 
ultimate flexural strength.  Tension failures were noted for these beams when a smooth surface 
was combined with a high percentage of steel crossing the joint, or when sufficient roughness was 
present. 
• The 11-ft beams required a calculated horizontal shear stress of approximately 600 psi to develop 
the ultimate flexural strength.  These beams failed with a combination tension-shear failure when 
about 1% steel was used across the joint regardless of the surface roughness. 
• The 8-ft beams required about 900 psi for the flexural ultimate failed in a combination of tension-
shear only when roughness and high amounts of steel were combined. 
• All other beams failed primarily because of the shear stress on the joint. 
Saemann and Washa finally introduce an equation to predict the ultimate shear strength of the 
joint (Y) in psi based on the percent steel across the joint (P) and the ratio of shear span to 
effective depth (X): 
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A.9. Bryson, Skoda, and Watstein (PCI Journal, June 1965, pp. 77 – 91) [9]: 
The tests conducted in this program were concerned with the performance of prestressed split-beam composite 
beams, and horizontal shear capacity of the composite joint was not a focus of this paper.  As part of this program, 
however, 6 composite split-beams with no horizontal shear ties across the interface were tested.  The surface of the 
joints of all beams was roughened with a stiff wire hand brush so that the largest size aggregate was exposed. 
The beams tested had rectangular cross sections without flanges as shown below in Figure A-10.  All beams were 
10-ft in length, simply-supported over a 9-ft span.  Variables included the depth of the prestressed portion of the 
split-beam (i.e. the location of the composite joint with respect to the midplane of the beam), the magnitude of 
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prestress at the interface, and the location of the prestressing tendons.  The tendons were post-tensioned and passed 
through a parabolic conduit. 
 
Figure A-10: Cross-sections of specimens tested by Bryson, Skoda, and Watstein 
Strain gauges were located at various points along the depth of the beam to show the distribution of strains over the 
cross-section.  The beam was loaded at its third-points. 
A linear distribution of strains over the cross-section was observed, which is an indication of monolithic beam action 
and adequacy of the non-reinforced horizontal joint.  All beams tested in this investigation failed by “flexural-
compression,” defined by the authors as “crushing of the concrete in the region of constant moment above a flexural 
crack which has reduced the area available for resisting compressive stresses.”  The horizontal shear stresses at 
failure ranged from 304 – 328 psi, again, with no apparent failure of the joint.  These horizontal shear stresses were 
calculated using VQ/Ib; however, the authors do not mention whether cracked, uncracked, or transformed properties 
were used in these calculations.  As flexural and shear-tension cracks developed in the test specimens, none of the 
crack progressions were observed to deviate at the horizontal joint. 
The authors conclude that the procedure they used for combining the precast and cast-in-place elements of the split 
beams was adequate for the development of sufficient bond for monolithic beam action throughout the tests.  They 
do not offer any further insight into the behavior or strength of composite concrete joints. 
A.10. Evans and Chung (Concrete Journal, April 1969, pp. 124 – 126) [10]: 
Evans and Chung investigated the horizontal shear strength of prestressed composite T-beams with a lightweight 
concrete deck.  As lightweight aggregates are softer than normal weight aggregates, the interlocking action will not 
produce as much resistance to horizontal shear, posing a larger danger of horizontal shear failure. 
Five composite T-beams were tested as part of this study with the cross section shown below in Figure A-11, with 
varying degrees of reinforcement crossing the joint.  Beam no. 1 did not contain any steel across the joint.  The 
interface between the web and cast-in-place flange was an exposed aggregate surface prepared by wet-brushing the 
top surface of the web concrete before it hardened.  The beams were simply supported over a span of 7’-6”, and 
loaded at two points 2-ft apart and symmetrical about the midspan. 
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Figure A-11: Cross-sections of specimens tested by Evans and Chung 
After each increment of load, deflection at midspan and the slip at the interface were recorded.  Slip gauges were 
fixed on both sides of the beam at 9-in on center. 
All beams tested behaved identically as monolithic members up to a horizontal shear stress of 400 psi, the stress at 
which the authors state that the joint began to deteriorate.  Beams 1 and 2 failed suddenly by splitting along the 
interface (horizontal shear failure) at loads corresponding to horizontal shear stresses of 465 and 460 psi, 
respectively.  Beams with higher reinforcement ratios prevented this sudden collapse and acted as partially 
composite beams after cracking of the joint. 
Evans and Chung conclude that the horizontal shear strength of a rough-bonded surface between Lytag (a form of 
lightweight) concrete and granite concrete without steel binders is 400 psi.  A small quantity of steel across the 
interface in the form of closely space stirrups considerably increases the horizontal shear strength of the joint, 
whereas larger quantities do not enhance the effect proportionately.  They also state that “failure of the [horizontal] 
joint in a composite beam my lower its load-bearing capacity by as much as 18%.  Such failure occurs suddenly and 
should be avoided.” 
A.11. Bryson and Carpenter (Nat’l Bureau of Stds., Bldg. Science Series 31, July 1970) [11]: 
These tests consisted of 22 prestressed T-beams constructed by the “split-beam” method, which differs from 
conventional prestressed beam construction in that only the portion of the beam in tension is prestressed; that is, the 
tension portion is precast and prestressed, and then the compression portion (which includes part of the web) is cast-
in-place on top.  The joint occurs at the neutral axis of the composite section.  The cross-section and manner of 
testing are shown below in Figure A-12. 
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Figure A-12: Cross-sections and loading arrangements of specimens tested by Bryson and Carpenter 
Deriving information about the composite joint was not a primary focus of this paper.  However, included in this 
study were 11 composite specimens without web reinforcement, and therefore, no ties across the joint (as the web 
stirrups were extended across the joint when included). 
The 11 composite beams mentioned without reinforcement all failed in tension, with the exception of specimen SG-
2, which failed by interface separation (horizontal shear).  Horizontal shear stresses at the joint were not calculated 
by the authors for these composite sections.  However, CTA would later reference this specimen in 1976 as “having 
failed in horizontal shear at a calculated stress of 324 psi, while all others failed in different modes at maximum 
shearing stresses ranging from 295 to 482 psi). 
A.12. Concrete Technology Associates (Technical Bulletin 74-B6, June 1974) [12]: 
The purpose of this CTA report was to examine the concept of composite systems without roughness, particular 
attention being directed toward the performance of such systems under service and cracking loads and the ability of 
composite beams to achieve the ultimate flexural capacity of a monolithic beam of identical properties.  A series of 
tests was conducted to study the performance of composite beams without ties and determine the relationship 
between the roughness of the interface and the degree of composite action.  Variables considered included: 
1. Surface roughness 
- Smooth (hard-steel trowel finish) 
- Intermediate (wood-float finish) 
- Rough (serrations formed by dragging a sharp object across the wet surface 
2. Surface condition before casting slab 
- Clean (broom-swept before casting topping) 
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- Dirty (dust, oil and paper scattered before casting topping) 
3. Topping concrete 
- Normal weight, f’c = 2400 – 5000 psi 
- Lightweight, f’c = 3000 – 5000 psi 
4. Shear span/effective depth ratio, X 
- X = 3.5 
- X = 7.75 
 
Sixteen rectangular beams with the precast beam and cast-in-place topping cross-sections shown below in Figure A-
13 were tested at lengths of either 4 or 9-ft.  The specimens were simply supported and loaded with a single point 
load at midspan. 
 
 
Figure A-13: Cross-sections of the top and bottom elements of the specimens tested by CTA 
Aside from 2 beams that failed prematurely due to vertical shear, the test beams were found able to achieve the 
computed ultimate flexural loads of the full composite section.  All test beams exhibited full composite action within 
the range of working loads, irrespective of the degree of surface roughness.  The authors found that, in the range of 
beams studied, no apparent correlation exists between the degree of roughness at the interface and the observed 
ultimate moment.  Two specimens exhibited failure modes due to or accompanied by horizontal shearing along the 
joint at calculated shear stresses of 398 and 429 psi. 
To measure the degree of composite action, CTA used gauges to measure the beam deflection instead of strain 
gauges at the interface to measure slip.  Deflections of beams with smooth and roughened interfaces were compared 
to determine the impact of roughness on composite action.  It was observed that relatively more slippage took place 
in those specimens with smooth and intermediate contact surfaces after cracking as compared to those with rough 
contact surfaces.  It was noted, however, that the ability of the composite beams to achieve full ultimate moment 
was not impaired by this slippage. 
CTA also compared the theoretical moment of inertia of the section to an observed moment of inertia obtained by 
relating the load applied at midspan to the deflection of the beam.  This was done for loads in the working load 
range.  Good correlation was found between the theoretical and observed moments of inertia for loads within the 
working range. 
CTA offered the final conclusions with regards to the variables tested in this program: 
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• Surface roughness, cleanliness of the interface, and strength and weight of the cast-in-place topping:  No 
apparent correlation between effective composite action as reflected in the relative moment of inertia of the 
section and the ability of the member to achieve full ultimate flexural load. 
• Shear span/effective depth ratio:  Composite prestressed members with thin topping are able to perform as 
monolithic beams at least up to horizontal shear stresses of 150 psi and 400 psi for shear span/effective 
depth ratios of 8 and 4, respectively, even when the topping is cast on a smooth surface. 
A.13. Concrete Technology Associates (Technical Bulletin 76-B4, April 1976) [13]: 
The primary objective of this series of tests was to determine the ultimate strength of composite beams without ties, 
as measured by the maximum horizontal shear stress across the interface between the two elements.  Secondary 
objectives included: 
1. Investigation of the dependence of the degree of bond upon construction procedures. 
2. Determination of the role of bond in the development of horizontal shear strength 
3. Determination of the influence of roughness at the interface on the horizontal shear strength of the joint. 
4. Determination of the importance of the shear span-effective depth ratio, the topping thickness-effective 
depth ratio, and the concrete strength and density as related to horizontal shear strength in composite 
flexural members without ties. 
5. Development of a rational method for computing horizontal shear stresses in prestressed concrete members 
under conditions corresponding to ultimate loading. 
 
To achieve these objectives, 21 composite prestressed concrete beams possessing the following variables were tested 
to destruction under concentrated loads: 
1. Specimen length:  12-ft or 20-ft. 
2. Contact surface finish:  Wood float (1/16” roughness) or rough raked (¼” roughness). 
3. Topping thickness:  2 in., 35/8 in., 4 in., or 55/8 in. 
4. Topping strength and density:  2500 to 5000 psi strength concrete, 115 or 150 pcf density. 
5. Contact surface at time of topping placement:  Dry or saturated, clean or oiled (to simulate poor, 
unsupervised construction practices). 
6. Compaction of topping concrete:  No compaction or full compaction. 
 
The cross-sections tested are shown below in Figure A-14.  The specimens were simply supported and loaded at 
their third points, with the exception of specimen P-1, which was loaded at midspan.  All of the specimens tested, 
with the exception of P-1, were constructed in such a manner as to achieve only partial bond across the interfaces (to 
simulate poor construction practices).  The topping was cast under the following conditions:  a low slump concrete 
placed without vibration, a high slump mix cast onto a wet surface and vibrated, and a low slump concrete was cast 
onto an intentionally oiled surface and vibrated. 
 
Figure A-14: Cross-sections of the beam specimens tested by CTA 
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Eleven of the 21 beams tested failed due to loss of composite action.  The partially bonded specimens with a wood 
float finish had horizontal shear stresses at failure ranging from 88 to 258 psi, and the specimens with the rough 
raked finish had stresses ranging form 156 to 285 psi.  These stress values were obtained using the VQ/Ib 
expression, with the Q/Ib portion based on the uncracked transformed section. 
In summary, the variables tested were found to have the following effect: 
• Dependence of bond upon construction procedures:  Formation of bond was particularly inhibited in the 
specimens prepared with a heavy coating of oil and those prepared with a low slump slab mix and lack of 
consolidation.  Bond did not seem to be at all inhibited by those specimens with the high slump slab mix 
and saturated surface. 
• Role of bond in the development of horizontal shear strength:  The importance of bond was demonstrated 
by comparing the test performance of the partially bonded specimens to those that were fully bonded.  CTA 
states that a full bond appears to contribute approximately 230 psi of horizontal shear strength. 
• Role of the shear span-effective depth ratio:  The effect of this variable on the horizontal shear strength was 
not apparent from these tests.   
• Role of the topping thickness-effective depth ratio:  It was observed that specimens with thicker topping 
achieved higher calculated horizontal shearing stresses than comparable beams with a thinner topping, but 
CTA states that this was probably because better bond formed at the interface of the specimens with a 
thicker topping due to the greater weight of material pressing the topping against the cast surface, rather 
than the lower shear span to effective depth ratio of these members. 
• Role of the concrete strength and density:  Not commented on. 
• Role of roughness of the interface on shear strength:  CTA states that a wood float (intermediate) finish 
appears to contribute approximately 100 psi of strength, and a rough raked finish contributes approximately 
200 psi. 
 
Based on the results from these tests, the CTA tests conducted in 1974, and review of previous research cited within 
their paper (all of which is reviewed in this paper above), CTA recommends the following for the following for the 
design of composite concrete flexural members without ties: 
• Calculation horizontal shear stress:  Use of the equations VQ/Ib or V/bd, or for simply supported beams, 
not less than 4T/lb and 4C*/lb, where T is the full breaking strength of the flexural reinforcement and C* 
is the full crushing strength of the concrete and reinforcement in the cast-in-place slab. 
• Horizontal shear strength: 
o Smooth bonded surface:  90 psi 
 This value is based on previous tests of 20 smooth bonded interfaces with no ties; lowest 
shear stress at which horizontal failure occurred was 157 psi (in experiments conducted 
by Revesz, 1953).  The maximum design stress of 0.85 x 90 = 76.5 psi corresponds to a 
factor of safety of 2.05 with respect to the specimen that failed at 157 psi. 
o Intermediate (1/16” roughness) bonded surface:  160 psi 
 This value is based on previous tests of 17 intermediate bonded interfaces with no ties; 
lowest shear stress at which horizontal failure occurred was 339 psi (in specimen P-1 of 
this study).  The maximum design stress of 0.85 x 160 = 136 psi corresponds to a factor 
of safety of 2.5 with respect to the specimen that failed at 339 psi. 
o Rough (¼” roughness) bonded surface:  300 psi 
 This value is based on previous tests of 7 rough bonded interfaces with no ties; lowest 
shear stress at which horizontal failure occurred was 465 psi (in experiments conducted 
by Nosseir and Murtha, 1971).  The maximum design stress of 0.85 x 300 = 255 psi 
corresponds to a factor of safety of 1.8 with respect to the specimen that failed at 465 psi. 
• Unsupervised construction:  CTA recommends that the strength values listed above be reduced by 0.5 
when allowing for poor construction practices.  This recommendation is made based on the results obtained 
from this study. 
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CTA does, however, suggest the use of ties for composite beams consisting of wide slabs cast on narrow rectangular 
beams, as these might be subjected to large twisting moments about the interface (due to asymmetrical loading 
across the cross-section) which will tend to cause cracking at the interface. 
A.14. Barnoff (PCI Journal, Oct. 1976) [14]: 
The objective of these tests was to evaluate the behavior of bridge decks.  As part of the project, laboratory tests 
were made on composite concrete decks, in which a precast, prestressed plank serves as the form for the cast-in-
place deck.  In these tests, the slab was assumed to act as a simply supported composite beam for positive moment in 
the transverse direction.  Field tests of these slabs under truck loadings were also conducted.  Planks were subjected 
to static service loads and overloads. 
It was determined from the service load tests that full composite action was developed between the precast planks 
and the cast-in-place topping.  Mechanical shear connectors are not required if the plank surface is given a scored 
finish. 
A.15. Seible and Latham (Journal of Structural Eng., ASCE 116(10), 1990, pp. 2691 – 2710) [15]: 
The work of Seible and Latham stemmed from a need to reduce costs of bridge deck rehabilitation.  Their work 
focused on the overlay of an entirely new bridge deck over an existing deck surface without removal of the existing 
deck.  In previous overlay deck replacement projects, the provision of dowels across the interface of the existing and 
new decks amounted to 15 – 20% of the total rehabilitation cost.  The effectiveness and need for such dowels was 
the focus of their work. 
Fourteen shear block tests, 8 simply supported slab tests, and 4 continuous slab tests (with negative moment area) 
were conducted.  Specimens were constructed and tested as shown in Figure A-15 below.  Monolithic, lubricated 
(with and without dowels), rough surface (wood trowelled finish and light sandblasting, with and without dowels), 
and scarified surface (1/8” grooves cut at 1” intervals with a jack-hammer with coarse aggregate exposed, with and 
without dowels) specimens were tested. 
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Figure A-15: a). Shear block test specimens and loading, b). Slab test specimens and loading for test program by 
Seible and Latham 
The simply supported and continuous slab panel tests simulated a 2-ft-wide transverse strip of bridge deck spanning 
8-ft between longitudinal girders.  Test results included: 
• Surface rough specimens:  Failure occurred by delamination well above the flexural yield limit state of the 
specimens.  The dowel reinforcement, in specimens where it was present, did not influence the crack 
pattern development. 
• Scarified surface:  These specimens featured a crack pattern development analogous to the monolithic 
control test specimen. 
 
Based on their research findings, the authors stated that a “clean and rough interface preparation should suffice to 
ensure monolithic flexural behavior of overlaid bridge decks.”  They concluded that, based on the research results, a 
delamination of a rough and clean interface is not likely to occur under service and overloads. 
A.16. Loov and Patnaik (PCI Journal, Jan. – Feb. 1994, pp. 48 – 69) [16]: 
Loov and Patnaik investigated the horizontal shear strength of composite concrete beams with a rough interface in 
an effort to develop a single equation to replace the five different equations required by the ACI Building Code for 
determining the horizontal shear stress capacity of a composite joint.  The resulting equation is a parabolic equation 
that combines the effect of concrete strength and clamping stress.  The authors also examined the accuracy of 3 
equations commonly used to evaluate the horizontal shear stress at a joint. 
Loov and Patnaik tested 16 beams with the cross-sections shown in Figure A-16.  Two major variables were 
investigated: 
1. Clamping stress of stirrup reinforcement across the joint (varied from 58 to 1120 psi while maintaining a 
concrete strength of about 5 ksi) 
2. Concrete strength (varied as either 6.4 or 7 ksi while clamping stress was fixed at about 120 psi) 
 Internal Report Horizontal Shear in Composite P/S Members  63 
 
 
Figure A-16: Cross-sections of beams tested by Loov and Patnaik 
None of the beams were without steel crossing the joint.  The condition of the joints could be described as “rough” 
according the ACI definition of ¼” amplitude.  The interface was left as-cast with some of the coarse aggregate 
protruding instead of being intentionally roughened.  Slip gauges were mounted in pairs on either side of the web to 
measure slip at the joint; in addition, strain gauges were glued on selected stirrups where they crossed the interface 
to verify the yielding of the stirrups as assumed in most shear-friction equations.  The beams were simply supported 
and loaded with a point load at center span, as shown in Figure A-17 below.  The beams were intended to be very 
strong in diagonal shear and flexure so that they would fail in horizontal shear prior to failing in any other mode. 
 
Figure A-17: Elevation view and loading of beams tested by Loov and Patnaik 
Upon increased loading the beams, the authors noted the spread of flexural cracks toward the flange terminating in a 
single crack along the interface.  With continued loading, this crack extended along the interface toward the loading 
point over almost the entire length of the beam and caused separation across the joint.  The authors state that 
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separation and slips were clearly visible at maximum load, with slips greater than 0.08” in most cases.  One end of 
the beam always had a larger slip and failed. 
Additionally, it was noted that interface cracks did not develop in the portion of the joint underneath the load for a 
length bounded by a line sloping outward at 45 degrees from the edge of the loading plate.  Cracking also did not 
occur in the beam ends for a length extending from the end a distance equal to the effective depth from the edge of 
the support. 
Slip data was compared to that compiled by Hanson in 1960.  Hanson’s observation that the peak slips occur near 
the quarter span points was corroborated for loads below the failure load.  At the failure loads, the peak slips for the 
beams occurred at a distance from the edge of the support approximately equal to the effective depth.  In addition, 
Hanson chose a slip of 0.005 in as the critical slip value.  The authors found that at this level of slip, the stirrup 
stresses were still much lower than yield.  They suggest instead that most stirrups are at or near yielding at a slip of 
0.02 in.  Loov and Patnaik found that the stirrups near the center of the span (where the beam was loaded) were not 
effective.  They became increasingly effective with increasing distance from the center up to the edge of the “end 
block” (region extending from the supports to a distance equal to the effective depth away), where they were again 
ineffective. 
The authors note that slip was insignificant up to a horizontal shear stress of 220 to 290 psi.  Data also shows that 
the stirrups were not stressed until horizontal shear stresses of this range.  The authors state that this is indicative of 
the strength of an interface without stirrups.  Horizontal shear stresses of the beam were calculated at a slip of 
0.005”, 0.02”, and at failure based on the VQ/Ib equation using the cracked transformed properties.  12 of the 16 
beams tested failed in horizontal shear. 
Loov and Patnaik offer the following equation for predicting the horizontal shear capacity of the composite joint, 
which was shown to be a good lower bound for the test data considered from this and previous studies: 
( ) ccyvn fffkv '25.0'15 ≤+= ρλ  
Some attention was also paid to the suitability of certain equations for calculating the horizontal shear across the 
interface.  Equations compared include: 
• The “elastic method,” 
v
h Ib
VQv =  
o Using values corresponding to the cracked transformed section 
• The “equilibrium method,” 
vv
h lb
Cv =  
o C is the total compression in the flange and lv is the length over which the force is to be transferred 
• The “approximate method,” dbVv vh =  
o Given by the ACI code 
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It was found that the elastic method and the equilibrium method predicted the same horizontal shear stresses for the 
beams tested.  Since a designer may not have the required time and computer programs to conduct a detailed section 
by section analysis, it will often be more convenient to use the elastic formula.  The approximate method 
underestimated the shear stresses by 10 to 15 percent as compared to the other two methods.  It is advised that the 
user, when using the approximate equation, multiply the result by 1.15 for a better estimate of the horizontal shear 
stresses. 
The results obtained using the equilibrium equation for beams with uniform loads, which have a uniformly varying 
vertical shear, can be quite different depending on the care taken in the analysis.  The computed shear stress is 
correct for the point midway between the two sections used.  For short distances between sections, the equilibrium 
procedure shows the correct variation of stress along the span.  Unfortunately, the equilibrium method is often used 
carelessly.  If the entire distance from midspan to the end is used, the stress which is found is correct at the quarter 
point is only half the peak value expected at the end. 
In conclusion: 
• Elastic analysis using cracked transformed section properties appears to be the simplest and most practical 
method for estimating the horizontal shear stresses in composite concrete beams at failure. 
• Because an as-cast concrete surface with coarse aggregate left protruding from the surface (approx. ¼” 
roughness) can develop sufficient horizontal shear resistance, more elaborate finishing is not required. 
• Slip and stirrup stresses in the test beams were insignificant until the beam attained a horizontal shear stress 
of about 220 to 290 psi, indicating the strength of an interface without stirrups. 
 
Horizontal shear stresses need only be evaluated between the points at a distance equal to the effective depth from 
the edge of the supports. 
A.17. Kumar and Ramirez (PCI Journal, Mar. – Apr. 1996, pp. 42 – 55) [17]: 
Kumar and Ramirez investigated the horizontal shear strength of composite concrete decks with precast concrete 
panels.  Six precast, prestressed concrete deck panels with cast-in-place toppings were tested, two of which did not 
contain any horizontal shear ties.  The surfaces of all precast sections of the slab were broom finished, with full 
amplitude deformations of 0.25-in.  The cross-section tested is shown below.  The deck was tested as an 8-ft simply-
supported one-way slab loaded across the width of the slab at midpoint.  The slabs were subjected to static and 
repeated loading. 
Linear variable differential transducers (LVDTs) were placed on the sides of the panel to measure vertical 
deflections of the panel.  Strain gauges were used to measure strains on the sides of the specimen, in the prestressing 
strands, on top of the cast-in-place topping, on the reinforcing bars in the cast-in-place topping, and on the interface.  
To determine the slip between the cast-in-place concrete slab and the prestressed panel, LVDTs were used as slip 
gauges.  For the specimens that contained horizontal shear connectors, strain gauges were placed on the connectors 
to determine their contribution when slip occurs between the cast-in-place concrete and the precast panel. 
For the first four specimens, which failed in shear, interface slip was not observed until the loads approached failure 
levels.  In specimens 5 and 6, which failed in flexure, interface slip was not even observed at failure levels.  Strain in 
the shear connectors did not show significant deviation until specimens reached failure.  These observations allowed 
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the authors to conclude that all of the specimens tested behaved as composite members up to failure, and that the 
broom finished top surface of the precast panel was adequate to transfer the horizontal shear stress across the 
interface.  Connectors across the interface were not required for the development of flexural capacity, however a 
minimum of four shear connectors usually will be placed for shipping and handling purposes. 
The lowest load at which interface slip was recorded in these specimens was 150 kips, which corresponds to an 
average horizontal shear stress of 116 psi (specifics on this horizontal shear stress calculation were not given).  
Based on the test results, the authors recommend 116 psi as an upper limit for the average horizontal shear stress 
allowed in deck panels with a broom finished surface (0.25-in amplitude) and without horizontal shear connectors. 
A.18. Tan, et al. (ACI Structural Journal, July – Aug. 1999, pp. 533 – 539) [18]: 
The authors here investigated “indirectly loaded” composite concrete beams.  The beams were loaded such as to 
simulate the loading of a beam from hollow core slabs, as shown in Figure A-18.  Their objectives were to 
investigate the failure modes of such beams, determine codes’ adequacy with regard to the provision of tie content at 
the interface, and the effect of open and closed ties.  This was, however, only a pilot test program, and only 4 beams 
were tested.  The cross-sections of the test specimens are shown in Figure A-19 and the loading is shown in Figure 
A-20.  One of the beams, labeled CB-1 in Figure A-19, contained no shear ties across the interface. 
 
Figure A-18: Indirect loading simulated in tests by Tan, et al. 
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Figure A-19: Cross-sections of specimens tested by Tan, et al. 
 
Figure A-20: Loading of typical test specimen by Tan, et al. 
The surface of the precast element of all beams tested was roughened to contain troughs approximately 10 mm wide 
and 10 mm deep at intervals of approximately 150 to 180 mm. 
Linear variable differential transducers (LVDTs) were used to measure the midspan deflections, support settlements, 
and axial displacements at beam ends.  Six LVDTs were installed at the midspan and on both supports to measure 
the interface slips.  Embedded strain gages were placed on the main reinforcements at points under the loads, above 
the support, and at midshear span.  In beams CB2, CB3, and CB4, three embedded strain gages were placed on ties 
crossing the interface at points approximately 500, 850, and 1200 mm away from the beam ends. 
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Test specimen CB1 (the one without shear tests) failed immediately after a horizontal shear crack propagated 
through the interface, and the failure mode was brittle.  Failure of specimen CB2 initiated from horizontal cracks, 
and failure of CB3 started from the sudden occurrence of a vertical crack above one of the supports.  Specimen CB4 
was the only one in which horizontal failure was not observed.  Beam CB1 failed in horizontal shear at a horizontal 
shear stress of 1.81 MPa, or 262 psi.  This value was obtained by dividing the total horizontal shear force transferred 
at the interface by the area over which it was transferred. 
In conclusion, the authors state that indirect loading may have an adverse effect on the horizontal shear strength of a 
composite concrete beam, and further investigations are necessary to quantify this influence. 
A.19. Patnaik (Journal of Structural Engineering, April 2001, pp. 359 – 366) [19]: 
Patnaik continued his earlier work with Loov in 1994 to investigate the behavior of composite concrete beams with 
a smooth interface, with the main focus on horizontal shear behavior.  18 beams with a rectangular-shaped section 
(SR series) and 6 beams with a T-shaped section (ST series) with a smooth interface were tested.  Their cross-
sections, reinforcement layout, and loading arrangements are shown in Figure A-21.  All of the beams contained 
some reinforcement across the composite joint.  The beams were made with the shortened flanges shown in the 
elevation view in Figure A-21 because the earlier tests by Loov and Patnaik showed this section, within a distance 
equal to the depth of the beam from the supports, to be ineffective in resisting horizontal shear. 
Variables tested by Patnaik include compressive strength of concrete, clamping stress from steel ties, and effective 
depth-to-shear tie spacing (d/s) ratio.  Precast beam surfaces were troweled smooth while the concrete was still wet.  
Slip was measured at the ends of the flanges.  Midspan and quarter-span vertical deflections were also recorded. 
The horizontal joint on one half of the beam always failed first.  The slip was a definite indication of failure, and all 
beams tested failed in horizontal shear.  As compared to the beams tested by Loov and Patnaik in 1994, these beams 
with a smooth interface were observed to fail in a much more ductile manner.  Average horizontal shear stresses at 
failure were calculated by dividing the total compression in the flange at failure by the area of the interface of half of 
the beam.  These stresses ranged from about 1.5 MPa (217 psi) to 6.30 MPa (913 psi), but again, all include the 
effects of steel across the joint. 
In response to the variables tested, no clear trend was found to establish the influence of concrete strength on the 
horizontal shear strength of composite concrete beams with a smooth interface.  Similarly, the d/s ratio was not 
found to have a significant effect on horizontal shear strength.  Patnaik did find, however, a fairly linear variation 
between clamping stresses and shear strength. 
 Internal Report Horizontal Shear in Composite P/S Members  69 
 
Figure A-21: Loading and cross-sectional details of specimens tested by Patnaik 
A.20. Gohnert (Cement & Concrete Composites, April 2003, pp. 379 – 385) [20]: 
Gohnert tested 90 push-off specimens to determine the horizontal shear strength along the interface of a roughened 
surface.  The two variables tested include surface roughness and concrete compressive strength.  The basic 
dimensions of the members tested are shown in Figure A-22 and the manner of push-off loading is shown in Figure 
A-23.  The test specimens of Series B did not include any reinforcement across the interface.  The roughened surface 
of each specimen was formed by means of a stiff wire brush or rake.  The resulting roughness varied from 0.94 mm 
to 4.22 mm (0.037 in to 0.17 in). 
Horizontal shear strength of the joint was calculated by dividing the failure load by the contact area.  Based on this, 
Series B specimens (without interface ties) were found to possess horizontal shear strengths of 91 psi to 184 psi.  
The results indicate that poor correlation exists between horizontal shear strength and concrete strength, however a 
regression analysis does indicate an upward trend in capacity as the concrete strength is increased.  The results also 
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show much scatter when horizontal shear strength is plotted against surface roughness, although the data is more 
compact than that for concrete strength. 
  
Figure A-22: Dimensions of members tested by Gohnert 
 
 
Figure A-23: Push-off loading and instrumentation conducted by Gohnert 
